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Chapter 2

QCD

Quantum Chromodynamics (QCD) is the theory of the strong interaction. It describes
the ‘color force’ that binds quarks and gluons to colorless hadrons (protons, neutrons,
pions, etc.) and hadrons to nuclei. At hadronic scales, the strong force is ~ 100 times
stronger than the electromagnetic interaction, extremely short-ranged (the typical in-
teraction range is the size of a hadron ~ 1fm = 1071°m), and its typical energy scale
is the mass of the proton ~ 1 GeV.

The strong interaction is described by a local, non-Abelian SU(3)¢c gauge theory
with several peculiar features. While quarks and gluons are asymptotically free at short
distances, they are confined at large distances: only colorless bound states (hadrons)
can be detected in experiments, and no quark or gluon has ever been observed directly.
Nevertheless, nature has given us an abundance of evidence that these constituents ex-
ist, and their theoretical description in terms of a non-Abelian gauge theory has evolved
from being considered a mere mathematical trick to a quite fundamental framework.
In this chapter we will recapitulate the properties of QCD and its fundamental degrees
of freedom and postpone the discussion of hadrons to Chapter 3.

2.1 QCD Lagrangian

Field content. The definition of a quantum field theory starts with constructing its
Lagrangian £ (or, equivalently, its action S = [ d%z £), based on the desired underly-
ing symmetries. The symmetries of QCD are: Poincaré invariance, local color gauge
invariance and various flavor symmetries, and the fields in the Lagrangian should trans-
form under representations of these groups. The QCD Lagrangian contains quark and
antiquark fields, and (as a consequence of color gauge invariance) gluon fields which
mediate the strong interaction:

Vaif(T), Vaif(T), Al (z). (2.1.1)

The quark fields are Dirac spinors (index «) and transform under the fundamental
representation of SU(3)¢ (color index i = 1,2,3 or red, green blue). The additional
index f = 1...N; labels the flavor quantum number (f = up, down, strange, charm,
bottom, top). The eight gluon fields A% (x) are Lorentz vectors; there is one field
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for each generator t, of the group (¢« = 1...8). In the fundamental representation:
ta = Aq/2, where the )\, are the eight Gell-Mann matrices; see Appendix A for a
collection of basic SU(N) relations. Gluons are flavor-blind and carry no flavor labels.

Gauge invariance. A free fermion Lagrangian 1 (i@ — m)1 constructed from the
quark and antiquark fields (we leave the summation over Dirac, color and flavor indices
implicit) is invariant under global SU(3)¢ transformations

V() =U¢(x), () =¢@) U with U=¢® =¢2aata (2.1.2)

where €, = const. and the U;; act on the color indices of the quarks. This invariance
is no longer satisfied if we impose a local SU(3)c gauge symmetry ¢'(z) = U(z) ¢(z)
with spacetime-dependent group parameters €,(z). The mass term is still invariant,
but the derivative in the kinetic term now also acts on the spacetime argument of U(z),
and invariance of the Lagrangian (or the action) cannot be satisfied with an ordinary
partial derivative. To ensure local color gauge invariance, we introduce a covariant
derivative and thus gluon fields:

D, =, —igA,, (2.1.3)

where A¥(x) = Y7 AG()t, is an element of the Lie algebra. From the new Lagrangian
¥ (i) —m) ¢ we see that ID 1) must transform in the same way as the quark field itself,
which fixes the transformation properties of the gluon fields:

PPY =Py = D =UDup = UD,UNY (2.1.4)
= (O —igAl )Y =U (0, —igA,) U/
= A =UA U+ é U©@,U"). (2.1.5)

The second term in AL is particular to local gauge transformations; for a global sym-
metry we don’t need a covariant derivative and could simply set A, = 0. Note also that
we can generate gluon fields out of nothing (A, = 0) by a local gauge transformation:
such gauge fields ~ U(9,U ) are called pure gauge configurations.

Why do we actually impose local gauge invariance in the first place? In fact, only global symmetries
are true ‘symmetries’ which lead to conserved charges and quantum numbers. A local gauge symmetry
reflects a redundancy in the description, which can be seen if we turn the argument around and
start from Eq. (2.1.5), for example in the Abelian case where U(z) = €®) is just a phase. The
action of a free massless vector field contains redundant degrees of freedom which are related to each
other by local gauge transformations A;, = A, + d.e/g. The standard way to eliminate them is to
modify the Lagrangian and impose a gauge-fixing condition on the state space (cf. Sec. 2.2.3). As a
consequence, longitudinal and timelike photons decouple from physical processes and S-matrix elements
are transverse: ¢, M" = 0. To preserve this feature when including interactions (e.g., when adding
fermions), the interacting part of the action must couple to a conserved current corresponding to
the global symmetry of the full action, 0Sint/JA* = j*, which is equivalent to imposing local gauge
invariance for the matter fields. Thus, Eq. (2.1.5) is tied to the invariance under ¢’ (z) = U(z) ¢ (x), and
even though we needed an underlying global symmetry in the fermion sector to begin with, the local
gauge invariance is not truly a symmetry but rather a consistency constraint that generates dynamics.
In QCD, it introduces a quark-gluon interaction of the form g A .
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Another way to motivate the covariant derivative is the following. We can write the ordinary
derivative as

n0up(e) = lim * [Pz + en) — (). (2.1.6)

For a local gauge transformation v’ (xz) = U(z)v(x) the first term becomes U(x + en)y(z + en) but
the second U(z)1(z), so we are comparing objects at different spacetime points. To remedy this, we
define the parallel transporter or link variable C(y,x) by

C'y,x)=U(y)Cly,x) U (z),  Clz,z)=1, (2.1.7)
because then the quantity C(y, x) ¢ (z) has a simple transformation behavior:
[Cly,x) ()] = Uly) Cly, ) U' (x) U(z) () = U(y) Cly, z) (x). (2.1.8)

Now, if we define the covariant derivative as
n" D, (z) = lirr(l) 1 [Y(z + en) — C(z + en, z) ()] (2.1.9)
e—0 €

and perform a gauge transformation, then U (z-+en) can be pulled out so that [D,1(z)]" = U(z) D,y (),
and thus ¢ I 4 is invariant under the local symmetry.
Moreover, we can write down the Taylor expansion of the parallel transporter:

C(z +en,x) =14 enigA,(z) + O(), (2.1.10)

where igA, is just a name for the coefficient of the linear term. Inserting this into (2.1.9) yields

1 . .
n Dyp(x) = lim L [+ en) — () — enig Ay b(a)] = nOu(x) — mtigAu(e)  (2111)
and therefore D, = 0, —igA,. Similarly, the transformation of the gluon field follows from
C'(z+en,z) =U(x 4 en) C(z + en, 2) U'(z)

= [U(z) + en"9,U(z) + O(e*)] [1 + en”igA,(z) + O(*)] UT (2)
(2.1.12)

=1+ en"ig |U(2)Au(x) Ul (2) = = (0.U(2)) U' (2) | + O(e)

_
g
S en'igA), (z) + 0(e?),

which reproduces the result (2.1.5) since 0, (UUT) = (9,U)UT + U9, U = 0.

Gluon dynamics. Next, we need a kinetic term that describes the dynamics of the
gluons. To this end we define the gluon field strength tensor as the commutator of
two covariant derivatives:

Fu(x) = — [Dy, D) = 0, A, — 8,A, —ig[A,, A, . (2.1.13)

i
9

It is then also an element of the Lie algebra and we can write it as

Fu =Y Fita, (2.1.14)

where the t, are again taken in the fundamental representation because d,,, D,, and A,
act on quark fields in the (three-dimensional) fundamental representation of SU(3)c¢.
F),, inherits the transformation properties from (2.1.4): F,, = UF, WU
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Fi1G. 2.1: Tree-level (inverse) propagators and interactions in the QCD action.

The contraction of two field-strength tensors is not gauge invariant; only its color
trace is invariant due to the cyclic property of the trace:

Tv {F),F'"} = Tr {UFWUT UFWUT} = Ty {F, F™}. (2.1.15)
Only the trace can therefore appear in the Lagrangian. We can write it as
Tr {F, F*"} = Fj, F[" Tr{taty} = T(R) By, B (2.1.16)

where T'(R) = 1/2 in the fundamental representation of SU(N), cf. Appendix A. From
Eq. (2.1.5) we also conclude that a gluon mass term ~ mgy A, A" cannot appear in the
Lagrangian because it would violate gauge invariance: gluons must be massless.

We can work out the components of the field-strength tensor as

Fuy = F ta = 0,A%te — 0,A0 ta — ig AL AD [t ty)

) (2.1.17)
= (0,45 — Oy AL+ gfabe A, AS) ta,

where we used [tg, tp] = i fape te. Note that in an Abelian gauge theory such as QED this

commutator would vanish, leaving only the linear terms in the gluon fields. The non-

Abelian nature of SU(3)¢ introduces gluonic self-interactions which lead to significant

complications. Inserting Eq. (2.1.17) into the term Fj, F}"” and partial integration

yields

—%Fl‘fy FV = S A% (Ogh —010Y) A
(2.1.18)

NI o) =

2
v v c_ 9 v ogc
fabc (aMAa -0 Ag) AZ AI/ - Z fabefcde Ag Ab Au Alc/l )

where = means ‘up to surface terms in the action’, e.g. 9, A7 O* Al = — A2 O A after
partial integration. In contrast to the Abelian theory, where the F? term only produces
a photon propagator, we can see that in the non-Abelian case we end up with the gluon
propagator, a three-gluon interaction ~ A% and a four-gluon interaction ~ A%
Feynman rules. The terms 1 (i) —m)1 and —1F, i, Fi'” in the Lagrangian allow us
to read off the Feynman rules for the tree-level correlation functions of the QFT. In
particular, the action contains the 1PI (one-particle irreducible, see Sec. 2.2.2) quanti-
ties, which means the vertices and inverse propagators that define the theory (Fig. 2.1).
The procedure is as follows: symmetrize the respective term in the action (if necessary),
transform it to momentum space, split off the integrals, fields and symmetry factors,
and multiply with 4 to get the Feynman rule for the propagator or vertex.
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For example, the inverse quark propagator corresponds to the term 1 (i@ —m) ).
The Fourier transform of the fields is

4 .
W(z) = / (;ZW]; L) (2.1.19)

Abbreviating [ = [ d*p/(27)*, the term in the action becomes

[dtaitio—myi= [[56)p-miw) [ ded = [5m) - m e

and dividing by ¢, the inverse tree-level propagator is

S =igeom e SE) =P

. (2.1.20)

Likewise, the inverse gluon propagator can be read off from Eq. (2.1.18). Replac-
ing 0 — —p? and OH9” — —ptp¥, we find

v
(D )™ (p) = ip” <g”” - p;f) : (2.1.21)
The symmetry factor 1/2 does not enter in the Feynman rule. Here we encounter,
however, a difficulty: the inverse gluon propagator is proportional to a transverse
projector, which is not invertible and thus the gluon propagator does not exist. We
will cure the problem in Sec. 2.2.3 by the Faddeev-Popov method, where we follow
analogous steps as in QED and add gauge-fixing terms to the action (which will also
introduce ghost fields). Before we get there, keep in mind that the gluon propagator is
not yet well-defined.

The quark-gluon vertex comes from the term g A1 induced by the covariant
derivative. If we denote the incoming and outgoing quark momenta by p and p’ and
the incoming gluon momentum by ¢, we have

[dtzvgdo =3 [[[entste - p-006) 410 " lo).

D q

so the tree-level vertex is igy* t,.

The three-gluon vertex must be fully symmetric under exchange of any two legs,
but this symmetry is not yet manifest in the A3 term of Eq. (2.1.18). To this end, we
abbreviate 9HP = OHg"P — O¥ gMP and write

Fabe (0" Al — 0" Al AL AS = fupe (0P AL) AD AG = fupe A% AD (0M7PAS) = ...

In the last step we renamed the color indices and used fupe = foca = fean- For three
Lorentz indices there are 3! = 6 possible permutations; 0#*? is already antisymmetric
in p <> v so we only need to add the two remaining cyclic permutations:

1
= fae [ AL AL (9P AG) + A AL (071 A7) + AD AL (0 A7)
1
=3

(2.1.22)
= < fabe [ AL AL (097 AG) + (077 AG) AL AG + AT (07 AL) Ag]
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In the first line we renamed the Lorentz indices and in the second line the color indices.
Now we can pull out Af(p1) Al (p2) Af(ps3) in momentum space and the term in the
action becomes

Lt [ [ [0 540 42 ) A0 AL 02) A5 )
P1 P2 D3 (2.1.23)
X [(m —p2)’g" + (p2 — p3)"' 9" + (p3 —Pl)ygp“]7
from where we read off the Feynman rule for the vertex:
00 = 9fabe [(pl —p2)°g" + (p2 — p3)!'g” + (p3 — pl)ygp“} : (2.1.24)

The symmetry factor 1/6 does again not enter, and p;+p2+ps = 0. The resulting vertex
is Bose-symmetric, i.e., symmetric under a combined exchange of any two momenta
with corresponding Lorentz and color indices.

The same strategy applies to the four-gluon vertex from the A* term in (2.1.18),
which is also not yet manifestly symmetric:

Jabe fede AZ AI; Aff AZ = fabe Sede QWQWAZ Ag Af) Ag
1
= 5 fabefcde (gupgyg - gupguo) AZ Al; A; Azcvl' :

Denoting ['#P? = gHPg¥? — ¢g¥PgH?, then with four Lorentz indices there are 4! = 24
possible permutations of (uvpo) = (1234):

(2.1.25)

1234 3412 2314 1423 3124 2431
1243 3421 2341 1432 3142 2413 (2.1.26)
2134 4312 3214 4123 1324 4231 ° o
2143 4321 3241 4132 1342 4213
The permutations in the first two columns are already covered because ['**P? = —T'"#7P,
etc., so we only need to add (2314) and (3124):
1
fabefcde AZ Albz Ag Ay = 6 fabefcde |: (g,u,pgllo - gupg,ucr) AZ A?, Az Ag
+ (g7 — g™g"T) AL A A AT
o o b d
+ (g™ "7 — g g"7) Ay A, A AG
(2.1.27)

| =

AL A} AG AG [fabefcde (9"°g" — " g"")
+ fbcefade (gyugpa - gpugya)

=+ fcaefbde (gpyg‘ug - g,u,l/gpa> :| .

Together with —g?/4 from (2.1.18), the combined symmetry factor for the A* term is
indeed 1/24. The resulting four-gluon vertex is Bose-symmetric and given by

Lyt = —ig? [f abe fede (917977 — 9" g"7)
+ face fode (9" 97 — 9P g"?) (2.1.28)
+fadefcbe (QWQW - guugpa) .
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QCD action. Putting everything together, the resulting QCD action constructed
from the fields v, 9 and A% has the most general form that is invariant under Poincaré
transformations, invariant under local gauge transformations, and renormalizable:

Socp = / A Locp,  Loop = (@) i — M) p(z) — LFS, F . (2.1.29)

The summation over the Dirac, color and flavor indices of the quarks is again implicit,
and we generalized the quark mass m to a quark mass matrix M = diag (m1 ... my,).
Some further remarks:

m Eq. (2.1.29) also conserves charge conjugation and parity, where the charge
conjugation operation is defined by

o =08Csa,  Vo=Capthg, C=1ir*7" (2.1.30)

and the parity transformation by

V(@) =1"%(),  P@) =)y, 2=t -a). (2.1.31)

Since C'PT is always conserved, this implies that the QCD action is also invariant
under time reversal.

m In principle, another gauge-invariant and renormalizable (but parity-violating)
term could appear in the Lagrangian, namely a topological charge density:

2
- o
Q(z) = % Tr {FM,, FW} with P = 2 cmoiF,, (2.1.32)

where F* is the dual field strength tensor. The resulting ‘0 term’ in the Lagrangian
L + 0Q(x) violates parity and would give rise to an electric dipole moment of the
neutron, whose experimental upper limit is however tiny (§ < 107'%). So it would
seem that QCD does conserve parity; unfortunately, even if we started with 8 = 0 in
QCD, the C'P-violating weak interactions would renormalize it to # # 0. There are
several possible scenarios how # = 0 could be enforced beyond the Standard Model,
e.g. by promoting 6 to a field (axions). Then again, C'P must have been violated in
the early universe, because otherwise the Big Bang would have created matter and
antimatter in equal portions, which would have annihilated and resulted in a radiation
universe without matter. This leads to the strong CP problem. On the other hand,
since Q@ = J,K* can be written as the divergence of the Chern-Simons current K*,
it only contributes a surface term to the action and in principle we could discard it
(unless topological gauge field configurations play a role).

m We could have defined the gluon fields so that they absorb the coupling constant
g (i.e., by replacing A — A/g and F — F/g). From Egs. (2.1.13), (2.1.18) and (2.1.29)
we see that the only place in the Lagrangian where the coupling would then appear is
in front of the gluon kinetic term, as a prefactor 1/g2. This shows that the sign of g is
physically irrelevant.
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Quark masses and flavor structure. With regard to the flavor structure, we can
simply ignore the gluons since they are flavor independent. The quark-gluon interaction
is flavor-blind, and the distinction between different quarks only comes from their
masses. If the masses of all quark flavors were equal, the Lagrangian would have an
additional SU(Ny) flavor symmetry. This is not realized in nature, where

me ~ 1.3 GeV,
My ~ Mg~ 2...6MeV, mg ~ 100 MeV, mp ~ 4.2 GeV, (2.1.33)
my ~ 173 GeV.

These current-quark masses have their origin in the Higgs sector and from the
point of view of QCD they are external parameters that enter through the quark mass
matrix M = diag(my ... m Nf). Because M is diagonal in flavor space, the flavor pieces
in the Lagrangian simply add up: Yy My = 3 Fms 1 ¢ vy¢. The flavor structure of the
Lagrangian is crucial for the properties of hadrons and we will return to it in Chapter 3.

Infinitesimal gauge transformations. For later convenience it is useful to work
out the infinitesimal transformations of the fields. The covariant derivative as defined
in Eq. (2.1.3) acts on fields that transform under the fundamental representations of
SU(3)¢, i.e., the group elements. When acting on elements of the algebra (those
containing the matrix generators t,, for example €, A, or F},,,), we need an additional
commutator in its definition: D,, = 0, —ig[A,,-], or written in components:

(Dﬂg)a = (8u5 - Zg [Au,g])a = Mﬁa — Zg A'Z Eb ’ifcba (2 ) 34)
— (D 0 — 9fane AZ) b = DR &P

In the fundamental representation, the group generators are the Gell-Mann matrices;
in the adjoint representation they are given by (tc)ep = —ifape. Inserting this into
Eq. (2.1.3), we see that Dzb is the covariant derivative in the adjoint representation:

(Du)ab = (a,u - igA,u)ab = au dab — IQAZ (tc)ab = a,u dab — gfabcA;CL . (2'1'35)

In an Abelian gauge theory such as QED, the commutator vanishes and Dzb = 0y bab
is the ordinary partial derivative.
With U =1 + ig, the infinitesimal gauge transformation of the fields is given by

V' =Up = (1+ie),
Y =9Ut =y (1—ie),

' 1 1 2.1.36
A, =UAU" + 2 U@ U ~ Ay +ile, Ay + gaue =A,+ ;DME, ( )
F,=UF,U ~ F, +ile,Fu],

from where we obtain:

_ _ 1
0 =g, oY = —ipe, 0A, = gDuEa O0F,, =ile, Fu). (2.1.37)
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Classical equations of motion. The classical Fuler-Lagrange equations of motion
follow from the action principle:

ol = [ i £.0,0) = 35l6] = [ e (G5 b0t + 555 000.0))

which means that the functional derivative of the action vanishes:

oS[¢] _ oL . oL
(5(;5(:13) = 99 8“8(@@) 0. (2.1.38)

If the action contains several fields, there is one equation of motion for each component:

65(¢1, .- dn]/0¢i(x) = 0.

As a reminder, the functional derivative §F[¢]/d¢(z) of a functional F[¢] is defined as

oo

Flo+66] = Fié] + 6Flo] = Figl + [ do OFE] 542y,

) (2.1.39)

— 00

where the last term is the continuum version of > .(6F/d¢;) d¢; written for one spacetime dimension.
Here are some examples:

Flg Flo+ 69 o
[ dz ¢(z) I (x) [dz (¢ +60)J = Fl¢] + [ da J 56 J(z)
[ dz f(9(2)) J(2) [z [(6) + 7'(9) 50] J 7/(6(2) I (@)
J dw [£(6,0) + % 66+ 5L 54| of d of

Jdz f(¢(x), &' (x))

= Flgl + [ du [3 — &£ 2256

0p(z)  dx ¢/ (x)

Jdwo(@) = [ dro(@) ()

Fl¢] + [ dzO(x)d¢p(z)

O(x)

exp [if dz ¢(x) J(z)]

exp [zf dz (¢(z) + 0p(x)) J(l’)}
= F|¢] (1 + zj dz J(z) 5(;5(2:))

iJ(z) exp [i [ dy o(y) J(y)]

6() = [ da ¢(x) 5(x — 2)

Fl¢] + [dxdp(z)6(x — 2)

oz — z)

f(o(2))

f(6(2)) + f'(6(2)) 69(2)
= F¢] + [ dz f'(¢(x)) ¢(x) 6(x — 2)

f(¢(@))o(x - 2)

§(2) = [ dz (@) oz — 2)
=— [dz¢(z)d (z— =)

Fl¢] — [dxdd(z)d' (x — 2)

-8 (x — 2)
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Let us work out the classical equations of motion of QCD defined by the Lagrangian
L= (ip+ghd—M)y—1F i, Fa”. Although they are not directly relevant for our
purposes, they will later enter in the quantum equations of motion (Sec. 2.2.2) and

conservation laws (Sec. 3.1). If we take the derivatives of £ with respect to 1 and ),

oL oL oL - oL —
— = (i) — M), =0, — =v¢(gd-M), =iyt (2.1.40
O ( ) 9(9,0) o = ) 0) ( )
we obtain the Dirac equations for the quark and antiquark fields:
) oS -, <
— =P -M)yp=0 — = (-1 —M)=0. 2.1.41
DM =0, =i oA M (2.1.41)
For the gluons, we first work out the derivatives of the field-strength tensor:
oF¢ oF"
WY = gfape (AL 05 — AL SF = (6867 — 6067) dae - 2.1.42
aAz gfb ( u %y v /,L>7 8(8PA§) (,u, v v u) ( )
With the product rule we then obtain
oL — oL
= Ht, abe AS FIY —— = F" 2.1.43
oAz 9 tath + gfave A FY 3@, 47 ~ L ( )
and finally
) _
5Aa = gfabe AL F" — 0, FIY + gy*tap = 0. (2.1.44)
The first two terms on the r.h.s. can be combined to
(8 Oap — gfape AS) FI = =D F/' = —(D, F"™), (2.1.45)

whereas the last term is the vector current corresponding to the global SU(3)¢c trans-
formation: J§ = 1 y#ta1p. Then the quantity J+* = > J&'t, lives in the Lie algebra
and Eq. (2.1.44) becomes

D, F" =g J" . (2.1.46)

These are the classical Yang-Mills equations for the gluon field, i.e., the Maxwell
equations in the non-Abelian theory. They are the direct generalization from electro-
dynamics, where the covariant derivative in the adjoint representation would reduce to
the ordinary derivative.

It is not too much of a stretch to ask whether there is also a generalization of the
Maxwell equation for the dual field strength tensor F*”. Indeed we find

D, F" = 1B D, Fog
= § (emof + ehoPv 4 1) D, o (2.1.47)
= 1" (D, Fop + Do Fg + D Fa) = 0,

where the parenthesis vanishes due to the Bianchi identity, which follows from the
Jacobi identity for the generators, Eq. (A.1.3). Similarly, one can establish covariant
current conservation D, J# = 0 for the solutions of the equations of motion.
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2.2 Quantization of QCD

So far we have discussed the Lagrangian and action of QCD, Eq. (2.1.29), which define
the classical field theory. What are the consequences of going to the quantum field
theory (QFT)? There are two standard methods to transform the classical action into
a QFT. One is the canonical formalism, where the fields are treated as operators on a
Fock space and canonical (anti-)commutation relations are imposed. The other is the
path-integral formalism where an integral over all fields is performed, which provides an
intuitive picture of how quantum corrections augment the classical field configurations.
Both methods are equivalent and we will use them in combination, depending on what
better suits our needs.

In the following we briefly recall some basic concepts of QFT. For illustration, we
work in a generic theory with one species of fields, ¢(x), defined by the classical action

Sl¢] = [ d*z L(¢,0,0); in QCD, ¢ would stand for the fields ¢ € {19, AL}.

2.2.1 Canonical quantization

Assuming that you have heard a standard QFT course and went through all the ma-
chinery, how would you summarize the basic ideas in a few words? Fortunately, the
formalism behind a QFT requires only a small number of axioms:

Relativity and unitarity. In a QFT, the field ¢(z) is interpreted as an operator on
a Fock space with elements |py...p,), n = 0,1,2,... This includes the vacuum |0),
single-particle states |p) with four-momentum p, as well as multi-particle states. These
states transform under wunitary representations U(A,a) of the Poincaré group, which
provide a probability interpretation for S-matrix elements (p1...pn|q1 ... qr).

More details on the Poincaré group can be found in Appendix B. The group consists of translations
(with group element a*), rotations and boosts (which define the Lorentz group with group element A).
Because of the boosts, the Lorentz group is not compact and therefore its finite-dimensional repre-
sentations are not unitary. However, the classical fields transform just under such finite-dimensional
representations: a scalar field ¢'(z") = ¢(z) is invariant, a Dirac field 1(x) transforms under a four-
dimensional spinor representation ¢’ (z') = D(A)(z), a vector field A*(x) under a four-dimensional
vector representation A'*(x’) = A* A, (z), etc. Because these representations are not unitary, there
is no hope for extracting probability amplitudes from the classical fields. Unitary representations
are infinite-dimensional, which is why we need an infinite-dimensional Fock space. In other words,
implementing relativity (which enters through the boosts) while maintaining unitarity takes us from
quantum mechanics to QFT, where we interpret the fields as operators on the Fock space — instead
of fields like in the classical field theory or wave functions like in quantum mechanics.

Causality. The second basic requirement is that two measurements with a spacelike
distance cannot affect each other:

[O1(x),02(y)] =0 for (x—y)? <0. (2.2.1)

Here, O; and Q5 are observables such as quark bilinears 1) I 1), where T is some Dirac
matrix. For bosonic fields, this requirement is implemented by imposing spacelike
commutation relations [¢(z), #(y)] = 0 for (z —y)? < 0, whereas for fermionic fields we
need anticommutation relations {1s(z),%3(y)} = 0. The equal-time commutation or
anticommutation relations are special cases of those.
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JE AL X

F1G. 2.2: Generic correlation function (left) and some of the elementary correlation functions
in QCD (right)

These are some of the pillars on which a QFT is built and they summarize the
first part of a typical QFT course: one develops the formalism for free scalar, spinor
and vector fields, based on the representations of the Lorentz group, and studies the
implementation of symmetries through the Noether theorem. Below we will discuss
another pillar, the spectral condition, and depending on what we are after we could
also add renormalizability or (for gauge theories) local gauge invariance to the list.

Interacting QFT. Unfortunately, after switching on interactions, one quickly runs
into trouble at the operator level (cf. Haag’s theorem: a free field remains always free).
To avoid these problems, the hard statements that can be made in an interacting
QFT are those for matriz elements of operators, which therefore become the central
objects of interest. The correlation functions, also called n-point functions or Green
functions, are the vacuum expectation values of time-ordered products of fields:

G(z1,...xn) == (0| T P(x1) ... ¢(zn)|0) . (2.2.2)

Pictorially, these are blobs with n legs, one for each spacetime point x1 ...x,, which
contain all possible interactions between the particles that can happen inside (Fig. 2.2).
The simplest example is a two-point function, a propagator, which contains the (self-)
interactions of a single particle and which for free fields becomes the usual Feynman
propagator. For theories with different types of fields there can be interactions between
different particles, and Fig. 2.2 shows some of the correlation functions in QCD: the
quark and gluon propagators and some of their three- and four-point functions.

Why are these correlation functions relevant? For one, the LSZ formula tells us that
they are related to S-matrix elements:

FT[G(z1...&n,y1--- )]

.
...Pn,out ey, i o
<Hp§_m +Z€><H 2_m +Z€> (pl Pn,OU |Q1 dr 1n>conn

(2.2.3)

That is, we can extract the connected S-matrix element for an n — r scattering
process (the invariant amplitude M) if we calculate the respective correlation function
in momentum space (‘FT’ stands for Fourier transform), go to the kinematic limit
where the external propagators are onshell, and amputate those external propagators.
If the particles carry spinor or vector quantum numbers, we must also contract with
onshell spinors or polarization vectors. Once we know M, we can compute the cross
section from |M|? and compare it to experiment.
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0(a) 0(a®)

Fic. 2.3: Lowest-order perturbative diagrams that contribute to Mgller scattering in QED.
Topologies like those in the last diagram do not survive the amputation.

This is the standard recipe for a typical QFT calculation. The practical problem
is of course that we first need to know how to calculate the correlation functions in
question. If the coupling constant of the theory is small at the momentum scales of
interest, we can use perturbation theory and expand them into Feynman diagrams,
where we neglect diagrams above a certain loop order that are suppressed by the small
coupling constant in front. (The other practical issue is renormalization but this is well
understood, see Sec. 2.3.)

This recipe has turned out to be extremely successful, with the prime example
given by QED. In that case, the dimensionless coupling aqgrp = €?/(4) is indeed
small; inserting dimensions, we have!

e 1 1

AQED = heeo ~ 1T

If we perform a loop expansion for a given correlation function, then higher loop dia-
grams come with higher powers of the coupling and in practice it may even be sufficient
to stick with the lowest (tree-level) order. For example, the electron four-point func-
tion in Fig. 2.3 describes both the Mgller (e~e~ — e~e~) and Bhabha (ete™ — ete™)
scattering processes. The leading contribution to Mgller scattering is the one-photon
exchange diagram, which leads to the Mott cross section plus spin terms (more on that
later). The smallness of aqrp has contributed to the successes of QED, where many
observables can be calculated quite precisely by going to higher orders in perturbation
theory. This has led to a variety of precision measurements of aqep, from the anoma-
lous magnetic moment (‘g —2’) of electrons and muons, measurements of the Rydberg
constant, the energy level splittings in atoms, etc.

Unfortunately, when we try to apply the same principles to QCD we are confronted
with two challenges that complicate matters enormously. The first difficulty is that
the coupling agcp becomes large at low momenta (see Section 2.3) and invalidates
a perturbative expansion. Unfortunately this is just the region that is relevant for
hadron physics, so we must look for nonperturbative methods to calculate these
correlation functions at low momenta. The second difficulty is more fundamental:
confinement entails that it is pointless to calculate invariant scattering amplitudes of
quarks and gluons because we can never measure such processes. What we can measure
are reactions between hadrons (e.g. NN or N7 scattering), or hadrons that interact
with leptons through the electroweak interaction (ete™ annihilation, eN scattering
etc.). We will return to this point in Section 3.1.3, where we show how one can still
extract measurable information from QCD’s elementary correlation functions.

(2.2.4)

n natural units 4 = 1 sets the units of action [ML?/T], ¢ = 1 sets the units of velocity [L/T] and
liceo = 1 the units of charge [C?].
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In any case, what still stands is that the correlation functions in Eq. (2.2.2) encode
the full content of the QFT, namely through the quantum effective action (more on
this in Sec. 2.2.2). Thus, if we knew all of them — and there are infinitely many —
it would be equivalent to having solved the QFT. For this reason, QCD’s correlation
functions will be the central quantities of interest throughout this course.

Spectral representation. Returning 1
to the remaining basic property of QFT
that we passed over before, let us assume
that each Fock state, which we generi-
cally denote by |)), is an eigenstate of the
Hamiltonian with definite energy and mo-
mentum. The vacuum |0) has vanishing
energy and momentum. A one-particle

state ]p ) has momentum p and energy

/p? +m?2. Multiparticle states,
Wh1ch are characterized by a center-of- > -
mass momentum p and relative momenta p|

among the particles, form a continuum:
For example, the lowest possible energy
of a two-particle state in its rest frame
(p = 0) is 2m, but since the two particles
can have relative momentum, which con-
tributes to their total energy, the state can have any energy E,(\) = (p* + m3)'/2,
where my > 2m is the invariant mass of the state (its energy in the rest frame). The
eigenvalue spectrum of H then has the form shown in Fig. 2.4: a one-particle state sits
on its mass shell, a two-particle state forms a continuum with m) > 2m and so on.

F1c. 2.4: Eigenvalue spectrum of the Hamil-
tonian in terms of one-particle states with mass
m and multiparticle states with invariant mass
my > 2m.

Based on this, we write the completeness relation of the Fock space as

L= XA: (2i)3 /d4p®(p°)5(p2—m§)|A><A| = ZA: (Qi)g /d Pivgg, 22s)

where the sum over A is formal and includes integrals over relative momenta. The

Lorentz invariant integral measure ensures that we only integrate over p? = mi &

p0 = E2 and we used

5(?0 - Ep) + 5(]70 + Ep)

§(p* —m3) =d0(pg — E;) = o :
D

(2.2.6)

where only the first term survives because the step function enforces py > 0.

It is easy to show that if we insert the completeness relation into the propagator
G(x,y) = (0|T ¢(x) #(y)|0), we arrive at the spectral representation for the propa-
gator in momentum space:

G(pQ) _ Z # - / ds ﬂ (2.2.7)
0

)\ p? —m3 +ic 21 p? — s+ i€
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Here we defined the spectral function

= 2md(s —m3) Ry, (2.2.8)
A
where the sum over )\ is again formal and denotes relative-momentum integrations.
The proof goes as follows: By inserting the completeness relation, we obtain
G(z,y) = (0T ¢(x) ¢(y)[0)
= 0" -y <0|¢>( ) ¢(1)[0) + O (y" — 2°) (06 (y) ¢()[0)

_ O(z” —y") (0l(x)|X) (Ale(y)[0)
Z 2#)3/ { ( )|0>}

+0(y° — 2%) (0[o(y)|A) (Al¢(x
Now we use the transformation properties of the operator ¢(z) under Poincaré transformations U (A, a)
and in particular translations U(1,a):

(2.2.9)

U(A,a) ¢p(x) UA, )" = ¢(Az + a) = U(1,a)¢p(0)U(1,a)" = ¢(a). (2.2.10)

On the other hand, applying a translation to a Fock state only produces a phase, whereas the vacuum
remains invariant:

U(L,a) A(p)) = €™ |A(p)),  U(1,a)[0) =0). (2.2.11)
In combination, we have
(0l¢(2)[A) = (OU(L,2) $(0) U(L,2) " |A) = (0]p(0)|X) e,
(Alp(2)]0) = (0]$(0)|X)" ™.
The remaining matrix element (0|¢(0)|A(p)) is Lorentz-invariant, so for a single-particle state it can

only depend on p? = m? which is just a number (for multiparticle states it still depends on the relative
momenta). Denoting |(0]¢(0)|A)|? = Ry and z = = — y, we arrive at

O(:) 7" 4 O(—0) ) N
ZR /QEI) { (2m)3 L}“ 0 _ZRA Dr(z,my). (2.2.13)

A

(2.2.12)

The integral is nothing but the Feynman propagator

d*p . 7
D = = 2.2.14
r(z,m) /(27T)4 ¢ p? —m3 +ie’ ( )
and we arrive at the result
d'p  _ip. iR
= _ 2.2.1
G(:) = e > e (2:2.15)

from where we can read off the propagator G(pZ) in momentum space.

Note that Eq. (2.2.7) holds for the full (‘dressed’) propagator of the theory, i.e.,
knowledge of the spectral function is equivalent to the knowledge of the full two-point
function. The spectral function is related to the analytic structure of the propagator.
For a typical theory it is positive and has the form of Fig. 2.5: The one-particle states
lead to an isolated d—function peak at s = m?, which defines the mass m of the
particle in the full theory (which is not the mass parameter in the Lagrangian!) from
the lowest-lying pole location of the propagator in momentum space. The continuum
of n—particle states begins at s > (2m)?, which leads to a branch cut in the propagator
starting at p? = 4m?.
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A p(s) ) .
AImp \
1-particle  bound \
states states *
multi-particle \
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|
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F1G. 2.5: Left: spectral function of a typical field theory, with a single-particle peak at s = m?

and a multiparticle continuum for s > 4m?, together with possible bound states. Right:
Analytic structure of the corresponding propagator with a single-particle pole, bound-state
poles and a branch cut above p? = 4m?. The dashed line is the contour integration path that
encloses the domain of analyticity.

To see this, define Gg(w) = iG(w) with w = uw+ it € C and u,v € R. This function (which
is the Fuclidean propagator) satisfies the Schwartz reflection principle G (w) = Gg(w*) for analytic
functions. We can use the Cauchy formula to determine Gg(w) for w inside its domain of analyticity:

1 ds Gr(s)

2mi s—w

Gr(w) = (2.2.16)

If Gg(w) has only singularities on the positive real axis, we can choose the integration path in Fig. 2.5,
and if it falls off sufficiently fast for |w| — oo, what remains is the integral

Gr(w) = —— lim 7(15 {GE(SH'&) N GE(S*Z'G):|

271 =0 s —w + 1€ s —w — i€
(2.2.17)
_ i tim [ ds GE(S,—’_%) - GE(sji—ze) .
2mi e—0 s—u—i(v—€) s—u—i(v+e)

For |v| > €, w always lies in the domain of analyticity and we can take the limit ¢ — 0 to obtain

/d Im G (s) (2.2.18)

S—U—ZU

This is the same formula as Eq. (2.2.7) if we identify u = p? and v = ¢, and therefore
p(s) =2ImGEg(s). (2.2.19)

Thus, if the spectral function is non-zero for s > 4m?, the imaginary part of the propagator is discon-
tinuous above that threshold — it has a branch cut.

In this way, single-particle asymptotic states produce poles in the propagator and
multi-particle states produce cuts. In fact, every new multi-particle production thresh-
old opens up another branch cut and thus another Riemann sheet, so the propagator
becomes a multi-valued function. Vice versa, the existence of a spectral representation
implies that the propagator has only singularities on the timelike axis p? > 0 but not
in the complex plane of the first Riemann sheet: had there been singularities inside
the integration contour in Eq. (2.2.16), their residues would produce further terms
in (2.2.18) and the identification with Eq. (2.2.7) would no longer go through.
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F1cG. 2.6: Bound states have poles on the positive real axis below the threshold, whereas reso-
nances have poles on the second Riemann sheet. (The left figure is only meant for illustration,
since what is shown is really just the square-root function.)

At this point there is no consensus to what extent a spectral representation can be formulated
for gauge theories and/or theories with confinement. For the scalar example the situation is clear:
the operator ¢(z) creates single- or multiparticle states |A) with definite mass m, momentum p and
energy E,. But what about QCD? Certainly, we can count pions |7), nucleons |N) and other stable
states as asymptotic states in QCD — but these are all bound states. The corresponding multiparticle
states are |77), |tm7), INN), INN) etc. Indeed, the sensible matrix elements in QCD are all of the
form

0]...10), (0|...|m), (N|...|N), (0]...|7m), etc., (2.2.20)

where the dots denote time-ordered products of quark and gluon field operators, and the initial and
final states contain either the vacuum or stable particles. But what about quarks and gluons? What is
the ‘mass’ or ‘energy’ of a quark or gluon if we cannot measure it? Should we even count them as Fock
states in the sense of Eq. (2.2.5)? If we didn’t, we would break the link between the ‘masses’ of quarks
and gluons and the poles in their propagators, and there would be no reason why QCD’s elementary
correlation functions should have singularities on the positive real axis only — they could also lie in
the complex plane, as long as their effects cancel out in observable scattering amplitudes like those in
Eq. (2.2.20). (It is often said that causality alone restricts the singularities to the positive real axis,
but the proof of this statement also assumes a spectral condition.) It may still be possible to formulate
generalized spectral representations also for quarks and gluons, which restrict their singularities again
to the positive real axis. In any case, in practice from now on we assume that |\) only refers to
asymptotic states with a well-defined mass and energy, which in QCD are bound states.

Resonances. There is another way how poles can move away from the real axis, even
in the presence of a spectral representation: A bound-state pole can pass a multiparticle
production threshold and become a resonance, i.e., an unstable state. By doing so, it
acquires a width, which means an imaginary part. This does not contradict our earlier
statements, since the spectral representation still implies that the first (‘physical’) sheet
must be free of singularities. As a consequence, resonances can only appear as poles
on ‘unphysical’ higher Riemann sheets.

The situation is sketched in Fig. 2.6. The resonance pole location is usually written
as p? = (m — il'/2)2, so that in the complex \/]7 plane the real part is quoted as the
mass of the resonance and the imaginary part as half the width. The width is related
to the inverse lifetime of the particle: a bound state has an infinite lifetime whereas
very short-lived resonances have poles far in the complex plane.



18 QCD

-m

F1c. 2.7: Integration paths according to the ie prescription.

Where does ie come from? As a final remark, what is the origin of the ‘ie prescrip-
tion’ that shows up in formulas like (2.2.3) and (2.2.14)? You probably first encountered
it when taking the Fourier transform of the propagator i/(p? — m?) in the free field
theory. After splitting the d*p integral into d®p and dpy, this function has poles at
po = £E, = £1/p? + m?, which depend on |p| as indicated in the left of Fig. 2.7. To
reproduce the Feynman propagator (0|T ¢(x) ¢(y)|0), one must integrate slightly below
the po axis for Re pg < 0 and slightly above for Repy > 0.

In general, the ie prescription follows from the imaginary-time boundary conditions
when projecting correlation functions onto the interacting vacuum |0):

[e.e] .
S e T g (g 0) T2 =BT 0 (0l0) (2.2.21)
n=0

which removes the higher-energy contributions of the free-particle states |ng). This is

equivalent to imposing boundary conditions for every d*z integral (such as the one in
the action of the theory) and every d*p integral,

oo(1—ie) oo(1+1€)
/d% = /d3 / dzxg & /d4p = /d3 / dpo , (2.2.22)
—oo(1—ie) —oo(1+ie)

or, alternatively, shifting the propagator poles in the pg variable by ie.

In practice it is convenient to employ a Euclidean metric by defining 4 = ixg with
x4 € R and formulate the theory directly in Euclidean spacetime. In that case boundary
conditions become irrelevant and the weight factor e=52!¢l in the path integral defines
a probability measure. This is what is usually done in practical calculations using path
integrals (here we will stick to the Minkowski metric, though). For momentum-space
integrals it corresponds to a Wick rotation, where the integration path in Fig. 2.7
does not proceed from left to right but from bottom to top.

Strictly speaking, for any finite €, Eq. (2.2.22) implies to integrate not slightly below
and above the py axis, but to start at the bottom left corner and integrate to the top
right. This does not make any difference for the Fourier transform of the propagator,
but it is useful to remember when calculating loop integrals, whose pole locations can
line up like in the right of Fig. 2.7 for certain kinematical situations. If one integrates
over d3p first, the poles produce branch cuts in the complex py plane, and to avoid
them one has to deform the integration contour accordingly — both with or without
a Wick rotation. If one integrates over pg first, one must pick the correct residues. If
this is done properly, results in Minkowski and Euclidean space are the same.



2.2 Quantization of QCD 19

classical

/ solution

1 To T3 T

Fia. 2.8: Visualization of a path integral. The integration over all values of ¢(x;) at each
spacetime point x; is equivalent to an integration over all possible field configuration ¢(x).

2.2.2 Path-integral quantization

Path integrals in QFT. Another way to quantize a field theory is the path-integral
formalism. The central object is the path integral

/m Pl () = lim [ do(zy) ... dp(xn) P19 (L), (2.2.23)
n—oo

which can be pictorially understood as in Fig. 2.8: at each spacetime point z; we
integrate over all possible values ¢(z;), which amounts to an integration over all paths
in the field space, i.e., all possible field configurations. If we had different types of fields
with additional group representation labels or Lorentz-Dirac indices, the product would
go over all of them as well. With e*°¢] as probability measure (for this one needs the ie
prescription or go to Euclidean space), the integral picks up the quantum corrections
to the classical path defined by the classical equations of motion 05[¢]/d¢ = 0. As long
as the system is sufficiently ‘classical’, the classical solutions will dominate the result;
otherwise many trajectories will contribute.

One can show that the correlation functions (2.2.2) in the path-integral formalism
are given by

Sl p(z1) . .. T
Glar, ) = (O[T o) .. S(an) 0y = L 22 fpi(eié)m o) o)

Even though our notation does not distinguish it, one should remember that the ¢(x;)
in the vacuum expectation value are operators acting on the state space, whereas the
¢(x;) in the path integral are merely functions but not operators. For fermionic fields,
they are anticommuting Grassmann fields to implement the anticommutativity (see
Sec. 2.2.3). To avoid the cumbersome distinction between operators and functions, and
to reflect the statistical nature of the path integral as a quantum expectation value, it
is common to denote the correlation functions by G(z1,...x,) = (¢(x1) ... ¢(xn)).
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The apparent drawback of the path-integral approach is that it is quite hard to
actually calculate path integrals. With the exception of a few simple cases, such cal-
culations usually have to be performed numerically. This is done in lattice QFT,
where spacetime is discretized and path integrals are calculated by statistical Monte-
Carlo sampling. This is the most direct way to compute correlation functions and the
hadronic observables they encode from QCD, and over the last decades lattice QCD
has made spectacular progress in that arena.

Functional derivatives. There is another way of making the path-integral approach
useful without actually calculating path integrals. Namely, one can generate the cor-
relation functions from the partition function Z[J] by adding a source term with an
external source J(z):

Z[J] = /D¢ei(5[¢}—fd4w¢(x><’<x>). (2.2.25)
If we take a functional derivative of the source term, we obtain
i
5J(l‘1)

[—i/d‘lx gZ)(:c)J(x)} = ¢(x1). (2.2.26)

Taking the functional derivative of the partition function then yields
i

0J(x1)
70 0

0B = [ Do) ¢an) ola
§J(z1) 0.J(z2) 1] _/D¢ p(x1) P(w2)

Z[J] = | Dpe’t) ¢(x1),
/ (2.2.27)

etc., which can be generalized to an arbitrary polynomial function(al) of the fields:

5 .

f[éj] Z[J] = / D et flg)]. (2.2.28)
Comparing this with Eq. (2.2.24), we see that we can generate the correlation functions
by an n-fold derivative of Z[J], dividing by Z[0] and finally letting J — 0:

W i6 Z[J]
T (1) 00 (@) | g 210]

G(z1...20)

(2.2.29)

The two-fold functional derivative of Z[J] is the two-point function, the three-fold
derivative the three-point function, etc. Vice versa, the partition function can be
written as

Z[J] = / D 1) i (_;L)n < / diz J(z) gi)(x))n
n=0

SO e I(1) . T(n) [ DoeS ba) . ben)
et oo

n

(2.2.30)

Z[0] G(z1,...xn)

Thus, we can generate all correlation functions from Z[J], and Z[J] can be recon-
structed from the knowledge of all correlation functions. They contain the same infor-
mation as the partition function, which defines the QFT.
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In the following it will be convenient to leave the J—dependence intact, at least for
intermediate steps in calculations, so that the ‘physics’ is recovered in the end when
setting J = 0. Through Eq. (2.2.28), we define correlation functions in the presence of
the source J as

B fp¢ei(5[¢]*fd4x¢(l”)f(z)) flo] 1 i§
(Flol)s = [ D (ST diwo@i@) — — Z[J] f[éj] 2L (2.2.31)

Perturbation theory. The path-integral approach is very useful for doing calculations
in perturbation theory. To do so, we split the action into a non-interacting and an
interacting part:

S[¢p] = So[d] + g S1[¢] - (2.2.32)

Then we can write
9 5118] g=i [ d'zd(@)J(x) _ LigSi[35] =i [ d'wé(@)I (@) (2.2.33)
since for a small coupling constant g we can expand ¢¥519 in powers of ¢ and each

term consists of polynomials of the fields. In this way we can pull out the interacting
part of the exponential from the path integral,

Z[J] — ¢i951 % /be e i(Sol¢l— [ d*z ¢(x)J(x)) _ Z (ngll)n <SI |:;i:|>nZO[J], (2234)

n

where the remaining path integral Zy[.J] is calculable in a closed form since it only
depends on the free action. For example, in the scalar theory one obtains

9= [ Dg ST tao ) _ gyfo)emh IR DRe I (2:235)

where the constant Zp[0] absorbs the remaining path integral and Dp(z,y) is the Feyn-
man propagator. In this way, Z[J] can be computed order by order in perturbation
theory: The result for n = 0 is the free theory, n = 1 gives the O(g) correction, and
so on. The correlation functions (2.2.29) follow from functional derivatives, where the
constant Zy[0] drops out.

Quantum equations of motion. While the machinery of perturbation theory is
equally straightforward to set up using canonical quantization, the power of the path-
integral approach lies in its non-perturbative applications. This leads to the so-called
functional methods, where relations between the correlation functions of the theory
are derived in the form of integral or differential equations (or both).

The Dyson-Schwinger equations (DSEs) are the quantum equations of motion
of a QFT and can be derived with almost no assumptions. The partition function Z[J]
is invariant under a shift ¢/(z) = ¢(z) + €(z), since this is just a relabeling of the fields
under the integral, so we can write

J] = / D i(S18)-J d'a ¢/ (@) ()

45 T ) dre(x 35[¢] €T
/qu Slgl=[ d'w o(2) (@) 4 [ d'e e(a) (5502~ I (=) (2.2.36)

:Z[J] <ezfd4:pe m)<5¢( 5— (ac)>> .
J
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O = X KK @0

FI1G. 2.9: Full, connected and 1PI diagrams in the four-point function of ¢* theory (permuta-
tions not shown).

In the second line we assumed that the path integral measure D¢ is also invariant,
and in the third line we inserted the definition (2.2.31). Since e(x) is arbitrary, by
expanding the exponential we find

SN\ _ 40,
<5¢(:c)>J = J(z), (2.2.37)

which for J — 0 is just the quantum average of the classical equations of motion.
But Eq. (2.2.37) is more useful than that. If we leave the dependence on the source
J intact and exploit (2.2.31) again, it becomes
1 05[1
— — | = Z|J]| =J(x). 2.2.38
01 59 |57] V1 =7 (2.2.38)

This should be read in the sense that we replace the functional dependence of §5/d¢
on ¢ by a dependence on i4/0.J and apply it to the partition function. In this way,
the equation serves as a ‘generating DSE’, because upon taking further functional
derivatives 0" /0J" and setting J — 0 in the end, we successively generate relations
between the correlation functions (2.2.29) of the theory — the tower of DSEs. Note that
the path integral no longer appears in these equations explicitly; instead, we calculate
the correlation functions from each other.

As an example, we take another derivative ¢6/dJ of (2.2.31) to obtain

o o1 [ig] s 1 isz[J) [
sty VO = 7153 550 7~ 20 30y ¢ [9) A (2.2.39)
=(f(®) ()5 — (f(®))s (D)) -
Applied to Eq. (2.2.37) and setting the sources to zero, this yields
3S16) 0\ _istin
(5 o) ) = is*(a =), (2.2.40)

From here one can derive the DSEs for the n-point functions with a tree-level counterpart in the action
(which enter with o« ¢" terms). For example, in a free scalar theory the propagator DSE becomes

55[9]
69(x)

which returns the Feynman propagator i/ (p2 —m?+ i€) in momentum space.

= —(0+m”) ¢(x) = —(3e +m?) ($(x) d(y)) = i6" (z —y), (2.2.41)

Similar types of equations for the correlation functions can be derived from sym-
metry relations following from the Noether theorem. These are the Ward-Takahashi
identities (WTIs) and Slavnov-Taylor identities (STIs), which we will briefly
touch upon in Sec. 2.2.3 and discuss in more detail in Sec. 3.1.2.
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Quantum effective action. The relations above are rather formal and generic. What
do they look like in practice? At this point it is useful to distinguish between

m the full correlation functions, generated by the partition function Z[J],

m connected correlation functions, which enter in S-matrix elements and are thus
of physical interest,

m and one-particle-irreducible (1PI) correlation functions, where external prop-
agators are amputated and we keep only those diagrams that do not fall apart by
cutting one line (see Fig. 2.9). In this way, they do away with the redundancy and
describe the irreducible content of an n—point interaction vertex. For example,
renormalizability can be determined from the 1PI vertices alone; hence they are
the prime quantities of theoretical interest.

We also define two new generating functionals, which generate these new types
of correlation functions by functional derivatives, namely W[J] = —iln Z[J] and the
quantum effective action

T[] = W[J] + /d4x o(x) J(z) . (2.2.42)

WJ] depends on the source field J(x), whereas the source that appears in I'[¢] is the
averaged field ¢(x). From Eq. (2.2.42) one can see that W[J]| and I'[¢] are Legendre
transforms of each other. The meaning of these quantities becomes more clear if we
write the partition function as

Z10] = W = / DSl i 6()J@) _ (i(Plel=f d'ee(@) J@)  (9.9.43)

In this sense, I'[p] and p(z) can be seen as the quantum versions of the classical action
S[¢| and the classical field ¢(z), integrated over quantum fluctuations and with the
path integral exponential as a weight factor. More precisely, from Eq. (2.2.42) we have

SWJ] 1 ) (2.2.31)

w(w)z—w(w) = 7] M(x)Z[J] = (p(x)) . (2.2.44)

Thus, ¢(z) is the vacuum expectation value of the field ¢(x) in the presence of the
source .J, which vanishes? in the limit J = 0. Vice versa, J(z) satisfies

_ 8Ty
dp(x)

Like in thermodynamics, J(z) and ¢(z) are conjugate variables and the generating
functionals W[J] and I'[¢] are the corresponding potentials. J is the ‘intensive’ and ¢
the ‘extensive’ variable, and differentiation with respect to one gives the other.

While the classical action S[¢| contains the content of the classical field theory,
either of the functionals Z[J], W[J] or I'[¢] determines the QFT completely since all

J ()

(2.2.45)

2Unless in the case of spontaneous symmetry breaking, but even then one can redefine the field so
that its vacuum expectation value vanishes.
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correlation functions can be derived from them: the connected ones are derivatives of
W[J] with respect to J, and 1PI vertices are derivatives of the effective action I'[¢]
with respect to . For example, the 1PI two- and three-point functions are given by

52T [y] 5 T[]
dp(21) 0p(22) |y Op(x1) Op(22) Op(23) |,

(2.2.46)

Relations between full, connected and 1PI correlation functions. To relate
the full correlation functions with their connected and 1PI counterparts, we must re-
formulate Eq. (2.2.31) in terms of W[.J] instead of Z[.J]. To do so, we exploit the useful
relation

e f(0) et = f(8+0A), (2.2.47)

where 0 stands for a generic derivative acting on A. The r.h.s. acts on 1, so all unsat-
urated derivatives vanish. It is straightforward to verify this for polynomial functions,

e.g. f(0)=0%

e*A 82 €A — 67A8(A/€A) — AII+AI2,

) (2.2.48)
(0+0A)? = (0+0A)0A = A" + A",
Applied to Eq. (2.2.31), with A = {W[J] and 0 = i§/d.J, we arrive at
e SWIJ]
s = £ 55 - 5 (2.2.49)

Here the dependence of f on each field value ¢(z;) has to be replaced by a dependence
on the bracket above, with 6/d.J(x;), and all unsaturated derivatives vanish since it acts
on 1. In this way we have expressed the vacuum expectation value of f(¢) through
functional derivatives of W[.J], which are the connected n-point functions. For example,
if we abbreviate

W 1J]

w [J] _ r” [90] _ 52F[90]

WL 5T (2) 0 (y) Wl = 52 dey) ete. (2.2.50)

we obtain for the two-point function:

0@ 60 = (57055 -~ W) (5707~ W)
= WL W]~ W1

= (x) o(y) — i Wy, [J].

(2.2.51)

The unsaturated derivative in the first line vanishes, and in the third line we used
Eq. (2.2.44). In the limit J = 0 the vacuum expectation value ¢(x) is zero, and we
find that the ‘connected’ propagator Wy [0] is the same as the usual one, (¢(z) ¢(y)),
modulo a factor i. The same exercise can be repeated for higher n-point functions to
express them in terms of connected and disconnected parts.
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Now let us reformulate Eq. (2.2.49) in terms of I'[¢] instead of W[J]. From Egs. (2.2.44-
2.2.45) we have W/[J] = —p(x) and I, [p] = J(x) and therefore

/d4y W;’y[J] FZZ[np] = —/d4y g?g; gigi = —gig; =0z —2). (2252

In other words, the 1PI two-point function I';, [0] is the inverse of W, [0]. This explains
why the inverse tree-level propagators appear in the classical action together with the
tree-level vertices: the classical action contains the 1PI correlation functions at tree
level.

Let us denote the dressed propagator in the presence of the external source ¢ by
Agyle] =T, [0] 7. The product rule entails that the derivative of the propagator with
respect to  is

g _ 4 4 "
5oz Davlel = / da / 4°b Aa[i0] Tz ] Dy []- (2.2.53)
The derivative with respect to J becomes
g /4 690( / " /4 )
=/ Y Way d'y Agylp] —— , (2.2.54
57 () Ys5J(x) (y) yAnlel 5o (2250)

so we can express Eq. (2.2.49) in terms of the effective action and its derivatives:

(fl8l)s = f[sO(w) + /d4y Agyle] 5;&)} (2.2.55)

This is the identity that we were after, because it allows us to relate the full n-
point functions with their 1PI counterpart. Evaluating it for the two-point function,
we recover our previous result (2.2.51):

(6(z) S())s = (@(ﬂf) + [dan.ls wf)) o) = 0(@) o) + iDuy o] . (22.56)

For the three-point function we obtain

(@) 900 62 = (o) + [a'abaalel 5705 ) () + [l 2105 ) ol

- <s0(«’15) + / Tadunle] 505 ) (o) 91) + el
) + iyl (2) + 1Bl ply) + iD,e 1) 0)

/ d'a / ' / dhe Avalip) Aol Thieli) Acele], (2.2.57)

where we used Eq. (2.2.53) in the final step. After setting the sources to zero, only the
last line survives and we find that the full three-point function is just the 1PI three-
point vertex with external propagator legs attached. Going further to the four-point
function, the relation would become more complicated since the four-point function
has 1-particle-reducible topologies that fall apart by cutting one line (see below).
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Dyson-Schwinger equations for 1PI correlation functions. Eq. (2.2.55) is not
only useful for relating full and 1PI correlation functions, but also for working out the
quantum versions of classical equations f(¢) = 0 between the fields: we just need to
replace the (usually non-linear) dependence on ¢ by the bracket on the r.h.s. — which
generates further derivatives and derivatives of propagators — and set all fields to zero in
the end, together with all unsaturated derivatives. If the classical action contains more
than one field, then the functional dependence holds for each ¢;(x), and the integral
over y also goes over all intermediate (mixed!) propagators, which drop out in the end
when setting the sources to zero.

With this we can express the generating DSE (2.2.37) in terms of the 1PI correlation
functions:

0llyp] _ oS " i
S = @ e anil st (2.2.58)

Now we can better see what the equation actually means: On the r.h.s. we have the
classical equations of motion, but with the ¢ dependence replaced by the content of the
bracket. Like in Eqgs. (2.2.56) and (2.2.57), this will reproduce the classical equations
of motion for ¢(x) plus further terms which describe quantum corrections. The Lh.s.
is the derivative of the quantum effective action. If we take further derivatives, we
generate the 1PI two-, three-, ... n-point functions, which therefore always contain a
classical part together with quantum contributions.

In practice Eq. (2.2.55) amounts to repeated applications of the bracket with the
derivative, which suggests to use a diagrammatic language. We need graphical
expressions for the source field (), the propagator A, the higher n—point functions
v T s - - -and the effect of the functional derivative §/d¢(x) on these quantities:

TYyz) TYyzw?

pr) = e %(w)—.: —
Ny = —O0— %(w)—o—z/é)\o\
mee X X X

and so on. In the graphical notation we no longer distinguish between a correlation
function that depends on ¢(z) as opposed to one where the field is set to zero, and for
simplicity we also suppress all minus signs, ¢ factors and multiplicities that arise from
derivatives.

What we still need is a graphical analogue for Eq. (2.2.55), where ¢(z) is replaced by
o(x)+ [ dy Ayyid/dp(y). If we work this out for products of fields like in Egs. (2.2.56)
and (2.2.57) we arrive at:

o(z) . o(z) - <g0(a:)+/...>...(go(z)—i—/...), (2.2.59)
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or graphically: oot 3 oot + —o0—
\.T./ B \.T./+\.{+\a?«
DI IE
AN

><><M

For simplicity we also absorbed the different symmetrizations with the same topology
into one diagram. If we set ¢ = 0, these graphs tell us how ordinary n-point functions
are related with their 1PI counterparts: the three-point functions are identical except
for the external propagator legs, whereas the full four-point function is the sum of
disconnected parts, a 1PI term, and 1-particle-reducible diagrams that contain 1PI
three-point functions.

On the other hand, we can interpret these diagrams also differently: without the
extra integral term in Eq. (2.2.55) we would return to the classical quantity f(¢)
expressed in terms of ¢ instead of ¢. In the graphical notation we can then also
drop the distinction between ¢(z) and its quantum expectation value ¢(x) and use
the same symbols for the fields that appear in the Lagrangian. In that way we can
transform equations for the classical fields (equations of motion, symmetry relations
etc.) into quantum identities for the 1PI correlation functions. Going from ‘classical’
to ‘quantum’ in the picture above then entails to connect the legs in all possible ways
and equip them with dressed propagators.

¢* theory. We illustrate this by considering the simplest scalar field theory, ¢* theory.
The classical action and its functional derivative are given by

05 2 9 .3

— =—(D — =¢°. (2.2.60
= —(Omie— £00 (2260)
Setting 65/d¢ = 0 yields the classical equations of motion. Diagrammatically, this
amounts to

S — /d4 [ au¢au¢ m2¢2) '¢4

()
-1
S = e—e + o—1|—o
°
5S a !
% = — 4+ —F1T—=@ = O
°

The line with ‘=1’ is the inverse tree-level propagator. In the classical action it is
contracted with the field ¢; the functional derivative removes one instance of ¢. As
before we ignore all prefactors and multiplicities.
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Now ‘connect the dots’ in all possible ways to obtain the quantum eq. of motion:

e 0

We arrive at the same result in formulas if we replace ¢ in Eq. (2.2.60) with the bracket
n (2.2.58) and let it act on 1:

5§;=—m+m%w@—§

QO( ) —I—BZQO xx+// ACEZAxZ/AJ:Z”F 1501 |

(2.2.61)
where we suppressed the arguments in A[@] and I'"[¢] and abbreviated the integrals
[d*z by fz Applying another derivative and setting ¢ = 0 yields the DSE for the
inverse scalar propagator:

§r -1 -1 ()
st = T = o 4 +

—1 2\ ¢4
Axy :_(D+m )6 (l‘—y)—

31 31 54(l‘ —y) Dyy + // szsz’sz”Fzz e

(2.2.62)
In principle, the derivatives of the propagators in the two-loop diagram produce further
terms including three-point vertices; however, as a consequence of the Lagrangian’s Zs
symmetry under ¢ — —¢, there are no odd n-point functions in ¢* theory and therefore
T [o] = 0.

Eq. (2.2.62) says that the inverse full (‘dressed’) propagator is the sum of the inverse
classical (tree-level) propagator plus quantum loop corrections, which define the self-
energy. The equation is exact but depends on the four-point vertex, which satisfies its
own DSE. Still, if we happened to know the exact four-point vertex, the equation would
give us the exact two-point function. This goes back to the comment below Eq. (2.2.38):
instead of working out the path integral explicitly, one can calculate the correlation
functions from each other. In practice the equations are solved in momentum space,
where each loop becomes a four-momentum integration, so they have the usual structure
of Feynman diagrams.

Since the DSEs are exact, they also reproduce perturbation theory if the coupling
is small. To get a DSE for the propagator instead of its inverse, multiply Eq. (2.2.62)
with the tree-level propagator (Ag) from the left and the full propagator (A) from the
right (or vice versa):

ATt =2t - = A=ANg+AZA, (2.2.63)

where ¥ is the sum of the self-energy terms. Reinsert the equation again for each
instance of the dressed propagator on the right,

A=A +A0XA=Ag+A0 XA +AgXA=..., (2264)
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F1G. 2.10: Perturbative expansion of the propagator in ¢* theory. The colored boxes highlight
the 1PI diagrams which appear in the self-energy.

and do the same for every instance of the propagator and the vertex inside the self-
energy Y. Because the self-energy comes with a factor g and the four-point vertex
includes another factor g, every additional loop carries a factor g; and as long as
lg| < 1, higher loop diagrams are suppressed. In this way we successively generate the
perturbative series for the propagator (Fig. 2.10).

Even if the perturbation series does not converge, it is useful to remember that
there are non-perturbative, exact DSEs behind it, which can be derived for any QFT.
A simple analogue is the geometric series: The solution of the equation

f@)=1+zf(x)=1+a+2°f(z)=1+a+2>+2°f(z)=..., (2.2.65)

is f(z) = 1/(1 —x). The geometric series f(x) = Y 2, a™ converges to that result
only if |x| < 1, whereas each step in Eq. (2.2.65) is non-perturbative and exact. The
difference comes from the last term, where f(x) appears again and pulls the result back
even if x becomes explosively large.

Dyson-Schwinger equations in QCD. Let us be bold and try to apply the procedure
to QCD right away. There are still issues we have not yet dealt with (see Sec. 2.2.3),
which will produce additional ghost diagrams, but otherwise the diagrammatic deriva-
tion goes through as before. The classical action of QCD takes the form:

-1 4
S=0—0+oé—c+mmmn+§%‘+::§@i:

We use the convention that the left circles in the fermion terms represent the antiquark
fields ) and the right circles the quark fields ). Taking a functional derivative with
respect to 1 yields the classical equation of motion for the quark, the Dirac equation:

0SS -1 %
o = T+ = 0

Consequently, the quantum equation of motion becomes (connect the dots)

ol T é_. @%
— + +

o1
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Note that this involves a mixed, field-dependent ‘quark-gluon propagator’ on the right.
Taking another functional derivative with respect to ¢ and setting all fields to zero
gives us the quark DSE for the inverse quark propagator:

= —O0— = _— -+

The quark DSE tells us that the inverse full propagator is the sum of the inverse
tree-level propagator plus quantum loop corrections, which are contained in the quark
self-energy. In practice it enables us to compute the quark propagator if the gluon
propagator and quark-gluon vertex are known.

We can repeat the same steps also for the gluon propagator. The classical equation
of motion for the gluon (the Maxwell equation) reads

05 _ % o i _
SA + e +_§§§%% - ;%i: = 0

and the corresponding quantum equation of motion:

oI _ 4S5
s O 00 @

After taking another derivative with respect to A and setting all sources to zero, we
obtain the gluon DSE:

52r ~ 1 -1
2 = 0900000 = y9000000 * +
dA A =0

The inverse dressed gluon propagator is the sum of the inverse tree-level propagator, a
quark loop, a gluon loop, a tadpole diagram, a ‘sunset’ diagram and a ‘squint’ diagram.
The gauge fixing procedure in the next section will also produce a ghost loop, which
has the same form as the quark loop. The inputs of the equation are then the quark
and ghost propagators and the quark-gluon, ghost-gluon, three-gluon and four-gluon
vertices. If we solved the quark, gluon and ghost DSEs in combination (i.e., all two-
point functions), the remaining inputs would be the vertices.

5%r
S8

A pp=0

Actually we have ignored another subtlety: if the action contains several fields, one has to sum
over them when taking the derivative of the propagators in Eq. (2.2.53), which also leads to mixed
vertices. The general rule is that, after taking functional derivatives, for each internal "half-propagator’
connected to a dressed vertex one has to sum over all types of fields. This does not modify the quark
and gluon DSEs but it will produce additional diagrams, for example, in the quark-gluon vertex DSE.
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2.2.3 Gauge fixing in QCD

Path integrals in QCD. We have discussed most of the things so far at the level of a
generic QFT, so we should get a bit more specific. The straightforward generalization

of the partition function in Eq. (2.2.25) to QCD with quark (¢), antiquark (¢) and
gluon fields (A*) is:

Z[J777,77] _ /DA Dy 'DQZJ ei(S[A,llﬂ,lZ]ffd‘lx(J“A“+F]1ZJ+771Z)) , (2.2.66)

where we have added a vector source J* for the gluon field and spinor sources 7 and n
for the quark and antiquark fields, respectively. The fermion fields in the path integral
are anticommuting Grassmann numbers, whereas their corresponding field operators
in the canonical approach satisfy equal-time anticommutation relations:

{d)a,’i(a})? Q/)E,j (y)}xozyo = 53(52 - y) 5&6 5ij7

t i (2.2.67)
{wa,i(x)7¢ﬁ,j(y)}$0:yo = {wa,i(w),%d(y)}zo:yo =0.
For example, the quark propagator is given by
— 262 Z J, 7—
Sas(@1,22) = (0T tha(wr) B(22)|0) = —— 2] g gy

We recollect some relations for Grassmann variables. A Grassmann algebra is an algebra gen-
erated by a basis {01 ...0,} which satisfies anticommutation relations {6;,60;} = 0. In particular, this
implies 67 = 0. As a consequence, a general element of the algebra is at most linear in each 6;,

fO)=co+c10, f(01,02) = co+c1 01+ c202 + c1201 02, etc. (2.2.69)

which also means that a Taylor expansion stops: e’ = 1+ af. A derivative can then be defined by
replacing 6#; — 1, but the 6; must first be permuted to the derivative operator:

of(6) _ 0f(01,02) _ 0f(01,02) _
20 1, 90, =c1+ci2bs, 90, =ca—ci2b1, etc. (2.2.70)
The integration can be defined by
/d@l:O, /d@@:l, (2.2.71)

where the first relation guarantees translation invariance, [df f(6 +n) — [df f(0) = [ df (c1n) < 0,
and the second is a normalization. Also here the integration variable must be permuted to the integral
measure. As a consequence, the integration and derivative are the same:

/d@f(@):/d@(co—i-cl@):cl:dfT(é%. (2.2.72)

An integral over n Grassmann variables d"0 = df,, .. .d0: becomes
/d"@ 01...0,=1, /d"@ Oiy .00, =¢€iy.. 4 (2.2.73)
where £;, .5, is the totally antisymmetric tensor with €1..,, = 1. In the integral over f(0) = f(01,...05)

only the last term in Eq. (2.2.69) survives, since every df; must be saturated by 6;:

/d"Hf(H) :/d"ecl.m 01...00=cin (2.2.74)
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To obtain the Jacobian for the transformation 0; = A;; 0;, we write

/d"@ f(G') = /d"@ Cl..n Alil . Amn 01‘1 - Oin =€1...n Ali] . Ani" Cl..n, (2.2.75)
—_— —

=det A

and since c1.., = [d"0 f(0) = [d"8' f(0") we find

1
d"0' = ——d"f. 2.2.76
det A ( )
This is in contrast to the bosonic case, where z; = A;; z; leads to d"z’ = | det A| d" .

We define complex Grassmann variables by (0; 6;)" = 07 07, so that
d"0d™0" = db,, ...d6, dO; ... dO% = d6: dO} .. .d6, dO%, = dby d67. . .. d6, b . (2.2.77)

Pairs like df; df; are bosonic and can be permuted through, whereas d"0d"0* = (—1)" d"0* d"0. This
yields [d"0d"0% 07, 0;1...0; 0;, = €i,...i, €j,...5,, and in the integral [d"6d"0* f(6,0%) only the

term o< 01 ...60, 07 ...0; survives. Finally, we calculate the integral over a Gaussian:
/dnedne* 69*39 _ /dnedne* i' (G*Be)n
n!

Ojn (2.2.78)

in

1
= 1 Biii - Binjn /dn@ d"0" 071 051 ...0;

1

= ﬁsilu-in €41 dn Biljl ...B =det B.

injn
If the exponent comes with a minus sign, this will produce a factor (—1)" which can be compensated
by employing the integral measure d"0" d"0:

/d”@* d"9e % P% = detB. (2.2.79)

The fact that we can express the determinant of a matrix as an integral over Grassmann variables will
become extremely useful in a moment. Another useful relation is

/dne*dn0€7<g*B9+n*9+n9*) :en*B_ln/dng* dn967(9*+'n*B_1)B(9+B_1n)
(2.2.80)

* p—1
=e" B M det B,

from where one can verify Eq. (2.2.68) for the tree-level quark propagator if one starts from the partition
function of a free fermion Lagrangian.

The gluon propagator is given by

%0 Z[J,n,7]

DH (1, 22) = (0|T A¥(z1) A" (22)]0) = 8.0, (x1) 0., (x3) Z[0,0,0]’

(2.2.81)
J,m,n=0

but from the discussion around Eq. (2.1.21) this expression does not yet make sense.
The problem appears in the kinetic gluon term in the Lagrangian:

UV ~ 1 174 174
—1F5, Flv = 5A;j (O g — 0"0") A%+ ... (2.2.82)

The tree-level inverse gluon propagator in momentum space is proportional to a trans-
verse projector,

_ v D
Dy (p = ip® (g“ R ) (2.2.83)
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but projectors are not invertible: if P, and P_ are generic projectors that satisfy
P? =P., P,P_=0and P, + P_ = 1, then a linear combination of them has the form
P P
F=aP,+p3P_ = Fl="t4 -
a B
For « = 0 or § = 0, the inverse is not well-defined. Applied to Eq. (2.2.83), this means
that the gluon propagator Df”(p) does not exist.
The problem appears in the gauge-boson sector and is structurally the same in
QCD and QED. In fact, it already arises in the free theory by observing that A} has
no canonically conjugate momentum. The conjugate momentum is defined by

oL

(2.2.84)

which entails IIy = 0, but this contradicts the equal-time commutation relations

[Ap(@), 1L (y)] jo—yo = iguw Bz —1y). (2.2.86)

Redundancy in the path integral. Another manifestation of the problem is that
in the path integral over the gauge fields,

Z = /DAeiS[Al, (2.2.87)

we integrate over redundant degrees of freedom that are connected by gauge transfor-
mations. This is easy to see in QED: If we split the gauge fields into transverse and
longitudinal parts A* = A}, + A%, with 9, A% = 0 and A} = 9" ©, we find that

(Og" —0*0") AL =00"0 — 900 =0

) } V ) (2.2.88)
= (Og" —0"d") A, = (Og" — 0"9") AL = o AL

and thus A} drops out completely from the kinetic term in the QED Lagrangian:

1 14 1 14 14 1
— " = S Ay (Ogh” — oHO¥) A, = 5AZ O A% (2.2.89)

Now, if we perform a gauge transformation

) 1
AP =UAPTT + é U@ Uty = A + [ e = Ah 40" <@ + Z) (2.2.90)

and compare to A" = A, +90’, we see that the gauge transformation only affects A’ :
€

Al = AL o'=0+ . (2.2.91)

In other words, the path integral DA overcounts physically equivalent degrees of free-

dom, namely the longitudinal field components that emerge from each other by gauge
transformations.
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copies

AU k Gribov

A Gauge fixing

surface: f[A]=0

Fic. 2.11: Gauge orbits and gauge-fixing surface.

In QED the problem is cured by the Gupta-Bleuler method: The first step is to
add a gauge-fixing term as a Lagrange multiplier with a gauge parameter &,

1 1 pl ] 1
L=—"F,F" — —(9,A")? = _A,(0g¢g" —0"0" +-0"0" | A,  (2.2.92)
4 2¢ 2 £
so that the inverse propagator picks up a longitudinal part and becomes invertible:
HapV 1 php?
DR (p)™ = ip? [(g‘”’ By ) +3 rr } . (2.2.93)
p p

The second step is to impose the transversality condition (A|d, A#|\) for physical states
[A), which has the effect that the longitudinal and timelike photon polarizations cancel
each other in S-matrix elements and external photon legs are always transverse. In
fact, the need to preserve this feature when switching on interactions is the reason why
we impose local gauge invariance also for fermions.

Faddeev-Popov gauge fixing. Unfortunately, the situation in QCD is more compli-
cated because gauge transformations mix the transverse and longitudinal field compo-
nents, and both of them contribute to the gluonic Lagrangian due to the three-gluon
and four-gluon interactions.

The analogue of the Gupta-Bleuler method in the non-Abelian case is the Faddeev-
Popov method. Let us denote a gauge transformation of the gluon field by A — AV,
where U is some gauge transformation with gauge parameter €. The basic idea is then
to restrict the path integral

Z = /DAeZ'S[A] (2.2.94)

to the gauge-fixing surface
flA] =0,A" =0, (2.2.95)

which is illustrated in Fig. 2.11. The gauge-fixing function f[A] singles out a hypersur-
face of fixed gauge, so that each gauge field counts only once. In principle the condition
f[A] is arbitrary; the choice (2.2.95) corresponds to linear covariant gauges.
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How would we implement such a condition? Presumably by inserting a delta function
d(f[A]); however, this would modify the path integral. A better strategy is to insert
a quantity that equals 1 but contains §(f[A]). Consider a one-dimensional example:
suppose we have an integral over a variable £ (the ‘gauge transformation parameter’)
and we want to restrict it to f(¢) = 0. Then the identity

/de‘d];(?

(7)) = [ s W _ (2.2.96)

holds as long as f(e) = 0 has only one solution &g.
Let us generalize this relation to infinitely many variables, where € becomes a con-
tinuous function £(x). In this case, the gauge transformation reads

1 :
@y =vavt+ U@, Ul =e Zacal®te (2.2.97)
and the gauge-fixing condition is
1
falAY] = 0,(AVY =9, (Ag + ngb €b> : (2.2.98)

where ng = O" 3ap — gfapc AL is the covariant derivative in the adjoint representation
from Eq. (2.1.34). Then the analogue of Eq. (2.2.96) is the ‘functional unity’

/DU det M[A]5(f[AY]) =1. (2.2.99)
Here, the path integral
DU = lim H1 1:[ o) (2.2.100)

is the group volume, the §—function is an infinite product of §—functions at each space-
time point x, and the Faddeev-Popov operator M[A] is the functional derivative of
the gauge-fixing condition with respect to the gauge transformation parameter:

_ 0faAY)()
Mab[A](xvy) - T(y) fAU]=0
_ ;aupgb 5z —y) (2.2.101)

1
= Sap 004 (2 —y) — fape O (AL 6% (2 — ) .

Note that M[A] is independent of the gauge transformation parameter. In QED, it
is also independent of A* because the second term with fu;. disappears, and thus
det M[A] factorizes from the path integral and can be pulled out.

Now we can insert (2.2.99) in the path integral,

7z - /DA/DU det M[A]5(f[AV]) eiS1AT. (2.2.102)
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and, because Z is gauge-invariant, perform a gauge transformation AV — A. The gauge
field measure DA, the group measure DU, the Faddeev-Popov determinant and the
classical action S[A] are all invariant under this operation, so that it merely amounts
to replacing §(f[AY]) — 6(f[A]). The integrand then no longer depends on U and
the group integration DU factorizes; it produces an infinite constant which drops out
whenever we normalize Z, for example when calculating correlation functions. The re-
maining d—function restricts the integration over all fields to the hypersurface f[A] = 0.
Each gauge orbit contributes only one field configuration and we have an integration
over physically distinct fields.

The caveat here is that we have assumed the gauge-fixing condition to be unique, like in the one-
dimensional example where we assumed that the equation f(g) = 0 admits only one solution €¢. This
is usually not the case due to Gribov copies: the gauge-fixing condition can intersect the gauge orbits
more than once and is therefore not complete (cf. Fig. 2.11); there is a residual gauge freedom. Also in
QED 9, A" = 00 = 0 does not fix © completely because Eq. (2.2.91) still allows us to perform residual
gauge transformations as long as Oe = 0, but this freedom can be removed by imposing appropriate
boundary conditions on the fields. In QCD it has been suggested to restrict the gauge fields to the
interior of the Gribov horizon where det M [A] > 0, or possibly even further, and there are indications
that the properties close to the Gribov horizon might be related to confinement.

The remaining question is what to do with the Faddeev-Popov determinant and
the —function. It turns out that one can shuffle both quantities into the exponential
and thus into the action S[A]. We can take care of the —function by changing the
gauge fixing condition to f[A] + gB = 0, where B(x) lives in the Lie algebra but
does not depend on A. This does not affect the Faddeev-Popov determinant, but the
functional integral Zp now implicitly depends on B. Since any B leads to the same
gauge-invariant physics, we can work with Zp, Zg or [ DB F(B) Zp; these are all
equivalent. If we integrate over the functions B(x) with some Gaussian weight, we can
remove the d—function in favor of a new term in the action:

7 = /DB e s/ 4B @) DA det MA]5(f[A] + § B) 'S4
(2.2.103)

i( S[A]- [ iz 1142
:/DAdetM[A]e( AT )

With a linear covariant gauge, this provides just the same modification as the Gupta-
Bleuler method in QED, Eq. (2.2.92):
12
_lpe (8“221“) ~ %A; <m g — éaﬂa"> A (2.2.104)

As a result, the inverse gluon propagator is no longer transverse and can be inverted.
£ is the gauge parameter: £ = 0 defines the Landau gauge, £ = 1 the Feynman gauge,
and in principle there are many other possible choices which differ not only by the
gauge parameter but also by the gauge fixing condition (Coulomb gauge, axial gauge,
light-cone gauge, maximal Abelian gauge etc.).

Finally, we want to shift the Faddeev-Popov determinant into the action as well.
The trick is that the determinant of an operator can be written as a path integral over
anticommuting Grassmann fields, cf. Eq. (2.2.78):

det M[A] = /Dch pJdhe [d*y Ea(z) Map[Al(2,y) ey(y) , (2.2.105)
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where the Faddeev-Popov ghosts ¢,(x), ¢,(z) are scalar but Grassmann-valued
fields. They carry the wrong Bose-Fermi statistics, but this is of no concern since they
are anyway unphysical — they are just a consequence of fixing the gauge. Thus, the
procedure is a generalization of the Gupta-Bleuler method since in QED the Faddeev-
Popov determinant is independent of A¥* and can be pulled out of the path integral,
so that only the d—function remains, whereas the non-Abelian case also requires the
dynamical inclusion of ghost fields.
The new gauge-fixing terms in the action read

srl,ce] = - [ata L2 /d4 [y eu@) M) )

p.L 1
~ 4 a v qa . _
o /d [%AM ooV A;, — gcaDca i fabe (O Ca) AL cb} (2.2.106)

o /d4 [2§AZ OMOV Ay, + o O cq — g fabe (OuCa) Ag cc] ,
where in the third line we absorbed the factor —i/g into the antighost field. In con-
clusion, we obtained a longitudinal term in the gluon propagator, a massless ghost
propagator, and a ghost-gluon three-point vertex with coupling constant g.

Reinstating the quarks and including all source terms, the final partition function
of QCD takes the form

ZIJ, i, 5,0 = /DAD@bDchDE i (S14 v, D]+ Ser[A e.e+Sc) (2.2.107)

The source term contains the gluon source J#, quark sources 1, 7 as well as ghost
sources o and &:

SC:_/d4x(JMA”+771/1+1/177—|—ac+ca). (2.2.108)

BRST symmetry. There is another, more economical way to arrive at Eq. (2.2.106),
which is to impose BRST invariance of the action (Becchi, Rouet, Stora, Tyutin).
A BRST transformation is defined as an infinitesimal gauge transformation (2.1.37)
where the gauge parameter is a ghost field c(z) = >, ca(x) tq, i.e., where the ¢, are
scalar anticommuting Grassmann fields:

_ _ 1
oY =1ictp, oY = —ihe, 0A, = EDHC, O0F,, =ilc,Fu]. (2.2.109)

We further demand this transformation to be nilpotent (62 = 0), so that § is also
Grassmann-valued and anticommutes with c¢. Then it is straightforward to prove that
any of the relations above fixes the transformation behavior of the ghost itself, for
example:

8% = & (icy)) = i(8c) b — ic (8) = (idc + 2)p =0, (2.2.110)
so we have

dc=ic® =icgcptyty = icq Ch (%[ta,tb] + %{ta,tb}) = f% Sabe Ca Cb te (2.2.111)
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because ¢, ¢y = —cp ¢4 is antisymmetric. (Note that the Grassmann nature of the ghost
fields ¢, leads to weird relations such as [c,c] = 2¢%.) Thus, in components the BRST
transformation of the ghost field becomes dc, = —% Sfabe Cp Cc.

Applying § increases the ghost number (the charge corresponding to a U(1) sym-
metry of the ghost fields) by one unit; hence, when applied to the antighost, it must
produce a scalar field with ghost number zero, the so-called Nakanishi-Lautrup field:
d¢q, =: —B,/g. Nilpotency of the antighost transformation then fixes B = 0. The
different treatment of ¢ and ¢ implies that they are not conjugates of each other but
truly independent fields.

Since the classical action S[A, v, ¥] is gauge invariant and BRST is a gauge trans-
formation, it is also BRST invariant. The most general BRST-invariant action is then
the sum of the classical action plus a term Sqrp = dO which is a BRST variation itself,
since in that case we have §Sqr = 6?0 = 0. Adding this to the action means fixing
a gauge; which gauge we get depends on O. To recover (2.2.106), we contract the
antighost with our earlier gauge-fixing condition f[A] + %B :

Scr = —gé/d4a:ca <fa[A] + gBa>
= [t b, (fa1+ §B.) +a [t [ty Ml )

Inserting the equations of motion for B,, namely f,+£B, = 0, yields again Eq. (2.2.106);
the same result follows from integrating over B, in the path integral. Hence, imposing
BRST invariance simultaneously generates gauge-fixing and ghost terms in the action.

(2.2.112)

Ward-Takahashi and Slavnov-Taylor identities. Correlation functions are not
gauge invariant, but the gauge invariance of the generating functional (2.2.107) can be
used to derive identities for them. As in the derivation of Dyson-Schwinger equations,
a gauge transformation under the path integral is just a relabeling of fields, so Z is
invariant; also the classical action is gauge invariant. The only gauge-dependent terms
in (2.2.107) are then Sgr and S¢, and as in the derivation in Eq. (2.2.36), invariance
of Z leads to the relation

(0Sgr +0Sc)s =0, (2.2.113)

which represents the generic form of a Ward-Takahashi identity. Then, employing
Egs. (2.2.31), (2.2.49) or (2.2.55), one can write this as a master equation for full (with
sources J and derivatives Z'[J]), connected (J and W’[.J]) or 1PI correlation functions
(with sources ¢ and derivatives of the effective action, I"[¢]), see Sec. 3.1.2 for details.

In the case of non-Abelian gauge theories it is more convenient to exploit BRST
invariance. Here § Sgr vanishes as well and only the BRST variations of the fields in
the source term remain to be evaluated: (6Sc); = 0. In the compact notation from
earlier:

<6SC>J—/d4xZJ (8¢:) J_/d4xz

where the d¢; are now nonlinear functions of the fields themselves, cf. Eq. (2.2.109).
This leads to the Slavnov-Taylor identities.

5o (06i)s =0, (2.2.114)
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2.3 Renormalization

We are now almost in a position to write down the Feynman rules of QCD. In our
discussion so far we have still bypassed the problem of renormalization. The need for
renormalization is related to the behavior of a theory at infinitely large momenta and
in practice arises in the calculation of loop diagrams, which are usually UV-divergent.
Below we will see that the problem can be dealt with by introducing a small number of
renormalization constants and setting corresponding renormalization conditions, which
makes all correlation functions finite. We will also see that renormalizability is a deep
property of a QFT that can already be read off from the Lagrangian of the theory.

2.3.1 Feynman rules of QCD

Renormalization constants. A possible starting point when dealing with renormal-
ization is to interpret all fields, masses and couplings in the Lagrangian (2.1.29) as
‘bare’ and unphysical, and define their renormalized versions by:

vp =20, Ap=2’A, cp=2"%c, mp=Zum, gp=2Z,9. (231)

The quantities without a subscript are the renormalized ones and they are related to
the bare quantities by renormalization constants. Then the full Lagrangian of QCD
including the gauge-fixing terms becomes

- 1 1
Loep = Zy ) (i) — Zyy m) ¢ + §AZ Za(Ogh — oro”) + gaﬂa" A%+ Z.¢,0c,

2
— Zsy 3 Fabe (9" Al — 0" A) A} &S — Zag P fube fote Al A A, AL

+ZF917}A1/] - ZF 9 fabe (auéa) Aff Ce - (2'3'2)

The first line contains the tree-level quark, gluon and ghost propagators, the second line
the three- and four-gluon interactions, and the third line the quark-gluon and ghost-
gluon interaction vertices. The renormalization constants for the vertices are related
to those in (2.3.1) by

Tr=2,72" 2y, Zr=2,72"Z.. Zsy=2,27, Zay=2727%. (233)

In principle we could have different renormalization constants for each term in the
Lagrangian, but the Slavnov-Taylor identities ensure that this is not the case. Thus,
we have five independent renormalization constants Zy, Za, Z¢, Zm, Z4, which means
that at some point we will need to set five renormalization conditions.

Moreover, the renormalization constants also enter in the Feynman rules since
they are derived from the Lagrangian (2.3.2). In the following we write down the
Feynman rules for the renormalized propagators and 1PI vertices of QCD.
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Before doing so, we note that one could equivalently introduce renormalization constants in the
language of counterterms:

Zy=1+0Zy), Zy Zmm =m + odm, Zgg=g9g+9dg, ... (2.3.4)

In this way we would split the Lagrangian into two pieces, where the first has the original form but with
renormalized fields and without renormalization constants, and the second contains the counterterms
which generate new propagators and vertices with new Feynman rules. We will not follow this strategy
here and instead absorb the renormalization constants directly in the Feynman rules. Also, note that
the renormalization constants in the literature usually go by different names:

Zp=12s, Za=2Zs, Ze=1Zs, Zr=2vy, Zr=21, Zsg=21, Zag=7Zs. (2.3.5)

Quark propagator. The quark propagator is a Dirac matrix with indices o and 3,
it depends on one momentum p#, and it is a diagonal matrix ¢;; with ¢,7 = 1,2,3
in color space. (We ignore flavor since it merely amounts to replicating terms in the
Lagrangian.) Since we count the spin indices from the top of the arrow, i.e. from left
to right, we also let the momentum flow from right to left. Writing Z,,, m = mp, where
m is the renormalized current-quark mass, the inverse tree-level quark propagator from
the Lagrangian is then given by (we suppress the color indices on the 1L.h.s.)

I Sy H(p) = —iZy (p —mp) dij ,
— - i p+ms (2.3.6)

« b So(p) = — ——5—— i -
i p 0(p) Zq/; p2—m23+16 )

Can we also write down a ‘Feynman rule’ for the full propagator S(p)? In general,
any n-point correlation function can be expanded in a tensor basis

N
Ghe (prs - on) = Y Fi(Ph 03, - ) Tilprs - o) (2.3.7)
=1

where the 7; are Lorentz-covariant tensors that inherit the Lorentz and Dirac structure
of G. The f; are Lorentz-invariant dressing functions (‘form factors’), which depend
on all possible Lorentz-invariant momentum variables — they contain the physical
information encoded in the correlation function. Like G itself, the basis elements
transform under finite-dimensional representations of the Lorentz group,

7(p}, - . pﬁl)gg = A’L, o Daart (M) T(P1s - Pn) D/g,lﬁ (A), (2.3.8)

where A is the Lorentz transformation and D(A) its spinor representation matrix (see
Appendix B). The same formula holds for parity transformations if D(A) is replaced
by ~°. In practice, this means that the tensors are constructed by combining

= I L Y (T (2.3.9)

with the four-momenta in the system.
The quark propagator depends on only one momentum,

2
Sap(p) = Z fi*) 7i(p)ag (2.3.10)
i=1
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and from (2.3.9) we can only construct the two tensors 1 and p since those with s
would have the wrong parity. Thus, the full quark propagator can be written as

4 S7Hp) = —iA@®) (p — M(p*)) 0ij ,
" EC P o p+ M(p?) (2.3.11)
i v ) = A P - MR i

Here we defined the quark mass function M (p?), and the inverse of A(p?) is called
the quark ‘wave-function renormalization’ Z;(p*) = 1/A(p?). If we knew these two
functions for all p? € C (recall the discussion around Fig. 2.5), we would know the full
quark propagator in QCD. To project out the dressing functions, we take Dirac traces:

M(p*)A(p?) = —% T {S~'(p)}, A= 4;2Tr {ps')}- (2.3.12)

Gluon propagator. The gluon propagator depends on two Lorentz indices u, v and
one momentum ¢; from this we can only form the two tensors ¢g"” and ¢"¢". It is useful
to define the transverse and longitudinal projectors as their linear combinations:

y . q'q” L q'q”

Then the Feynman rules for the tree-level and full gluon propagator are

- _ . , 1
TS (Dg ") (q) = iq? [ZAT,ﬁ‘ + ng ] Sab ;
-1 _1 .9 1 y 1 Y
LS (D1 (q) = ig 7 T +ELZ Sab » (2.3.14)
Z q b '
(3
DM (q) = ———— [Z(¢*) T} + £ LE] bap,
(q) q2+i€[(Q)q+£q] b

where Z(q?) is the gluon dressing function. (In principle the longitudinal part could
also pick up a dressing, but the Slavnov-Taylor identity prevents this and ensures that
the longitudinal part remains undressed.) The gluon is color-diagonal with a,b=1...8.

Ghost propagator. The ghost propagator is scalar and thus the simplest case, since
it has no tensor structure and there is only one ghost dressing function:

-1 _ )
------------- DQ}O(Q) = Zq2 Zedap

----- O---- D&l (q) = iq” G(¢*) ™ bap (2.3.15)
! Dala) = ——— G(?) 5
G q - q2+i6 q ab -

Note that if we had not absorbed the minus sign into the antighost field in the third line
of Eq. (2.2.106), the Feynman rules for the ghost propagator and ghost-gluon vertex
would come with additional minus signs.
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Quark-gluon vertex. The Feynman rules for the quark-gluon vertex are

Iy =ig (ta)ij Zr V",

12 2.3.16
Th(p,q) =ig (ta)i; ¥ [i0*, - )7l (D). (2:340)
=1

The full vertex becomes rather complicated since it depends on two independent mo-
menta p and q. This leads to 12 possible tensors that are allowed by Lorentz covariance:
ot gt [v*, pl, - - ., and the dressing functions depend on the three Lorentz invariants
p?, ¢ and p - ¢q. Since the vertex has a charge-conjugation symmetry, it is convenient
to identify p with the average momentum between the incoming and outgoing quarks
because this makes the symmetry manifest in the dressing functions (the dependence
on p - q is then either even or odd).

Ghost-gluon vertex. The ghost-gluon vertex has no Dirac structure and therefore
only two tensors p* and g*. In this case the tree-level vertex depends on the outgoing
momentum p* because in the Lagrangian (2.3.2) the derivative acts on ¢, (i.e., the
ghost and antighost fields are not related by charge conjugation):

wb _
QL th@(p) = gfabe ZT D",
: 2.3.17)
p ol - (
PN T4 (0,q) = gfae Y [i(0%, %0 @) /(D) -
- ™ i=1

Three-gluon vertex. Here things get a bit more cumbersome since the full vertex
has 14 possible Lorentz tensors. The tree-level vertex (with p; + ps + p3 = 0) reads:

pc

p3i »
Fgg,/())(plap%p?:) = gfabc ZSg [(pl —p2)pg‘”'

2.3.18
271/, ‘\pz +(p2 — p3)" g"° + (ps — p1)” 9°*] . ( )

Four-gluon vertex. In this case things get really cumbersome: The full vertex has
136 linearly independent Lorentz tensors and five color structures. The tree-level vertex
is momentum-independent:

U,d p,c

FZ;/,%U = _i9224g fabe fede (g“pgw - g”pg’w)
+ face fode (947977 — 9"Pg"7) (2.3.19)
+ fadefcbe (g#pgua' - g,uugpo>] .
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One-loop perturbation theory. With the Feynman rules at hand, we are ready to
set up perturbation theory. To avoid redundancies, we will do this for the 1PI correla-
tion functions, i.e. we set up the perturbative expansion for the inverse propagators,
in the same way as we wrote the Dyson-Schwinger equations in Eq. (2.2.62) and there-
after. Then we only need to work out the self-energy diagrams, whereas the expansion
for the propagator is easily obtained from Eq. (2.2.63) if needed.

The DSE for the quark propagator has the generic form

57 p) =55 (0) —iZ(p), (2.3.20)

where the quark self-energy X(p) contains only one diagram at one-loop order:

i 5 ﬂ
e = . —_

If we write X(p) = Xa(p?) p — Sa(p?) and insert Eqs. (2.3.6) and (2.3.11), we read off
the relations for the two scalar dressing functions:
A@p?) = Zy +Za(p?),

M(pz)A(pz) = ZypZmm + ZM(pQ) . (2.3.21)

We will later see that the renormalization constants have the structure Z = 1+ O(g?),
and since the self-energy comes with a factor g2, the mass function up to O(g?) is

M(p?) = Zmm + (%) — mEa(p?). (2.3.22)

We will work out the self-energy explicitly in Sec. 2.3.2.
The DSE for the gluon propagator is given by

(D™ (q) = (Dg )" (q) — il*(q). (2.3.23)

where IT#(q) is the gluon vacuum polarization. At one-loop order O(g?) it consists of
a quark loop, a gluon loop, a ghost loop, and a tadpole diagram:

TUTOUVTT = TTCOOLIO — mv-@rm\ + TN‘%’W‘ + fm‘ o +

We can split the vacuum polarization into two terms,
™ (q) = T1(¢%) (¢°g" — ¢"¢") + T1(¢*) ¢ = TI(¢*) * T, (2.3.24)

where only the first survives because the Slavnov-Taylor identity entails ¢, 11" (q) = 0
and therefore II(¢2) = 0. (The one-loop result for II(¢%) indeed vanishes in dimensional
regularization, but it is non-zero for a cutoff regulator which breaks gauge invariance.)
Inserting Eq. (2.3.14) into the DSE, we see that there are no loop corrections for the
longitudinal part, which is also why no renormalization is required for this term. The
equation then simply becomes

Z(*) " = Za—TI(¢%). (2.3.25)
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In the analogous case of QED, after renormalization TI(¢?) becomes constant for ¢*> — 0, which
means that the photon propagator has a massless 1/ ¢? pole and the photon remains massless also with
interactions. In QCD, this is still what happens in perturbation theory but it may no longer be true
non-perturbatively. Early ideas suggested a 1/¢* pole for the gluon ‘propagator’ Z(¢?)/q” since this
would signal confinement: if one connects a quark and antiquark by a gluon, the three-dimensional
Fourier transform of 1/|q|* leads to a potential o< |r| in coordinate space simply by dimensional
counting. Nowadays evidence from non-perturbative (lattice and functional) calculations in Landau
gauge suggests that this is not what happens and that Z(q2) instead vanishes at ¢*> = 0, either with a
power ¢*> (‘massive’ or ‘decoupling’ scenario) or higher (‘scaling’ scenario). As a result, Z(¢%)/q?
becomes constant or even has a turnover in the infrared. Vice versa, Z(¢?) ! and therefore I1(¢?) must
be singular at ¢*> — 0, but the origin of this singularity is still under debate. Moreover, in the scaling
scenario the infrared exponents for any quark-antiquark interaction diagram still match to produce a
1/¢" behavior (e.g., for the combination of a gluon propagator and two quark-gluon vertices)®, whereas
in the massive scenario (which is supported by lattice calculations) this is not the case.

The DSE for the ghost propagator reads
D(_;l(q) = Dé}o(q) —iq? Eg(q2) = G(qQ)_1 =7, — E(;(q2) , (2.3.26)

where the perturbative expansion of the self-energy is analogous to the quark:

Finally, the one-loop expressions of the quark-gluon, ghost-gluon and three-gluon
vertices have the form (note that a factor g is implicit in the vertices):

’ \
’ \
’ \

g 90(g%)
/_/H - 7 ™~

3R. Alkofer, C. S. Fischer, F. J. Llanes-Estrada, Mod. Phys. Lett. A 23 (2008) 1105, hep-ph/0607293.
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2.3.2 Regularization and renormalization

In practice the diagrams we just drew are UV-divergent. The first step in dealing with
this problem is regularization, which means to isolate the divergences. In the second
step we remowve the divergences; as we will see, there is a systematic procedure behind
it, namely renormalization.

Feynman parameters. But first of all we must bring the integrals into a manageable
form. To do so, we use the ‘Feynman trick’, where we write the quantity 1/(A; ... Ay)
as an integral over Feynman paramaters x1, ... Zy,:

1 (n—1)!
MZ/dm...da:n (2%1) (Z )n (2.3.27)

2

g

dQp

This is the generalization of the identity

1

1 1 1 S|
dx dx = = — = —. 2.3.28
/ / TA+yB / [zA+ (1 —z)B)? A-BzA+(1—-z)B|, AB ( )
0
The integral measure df2,, for n =2 and n = 3 is
1
/dQQZ/dI s
y=1l—=x
(2.3.29)

- 1 a
/ng. /du/dlz zl/da/db...
s r3=1—x1—x2 2 0 “a

Here we set a = 1 + 22 = 1 — x3 and b = x1 — x2, which is convenient since the integral over b is
antisymmetric and thus only even terms in b survive. Similar expressions hold for d€)4, d2s etc.

Now consider a generic one-loop diagram L,, which has n propagators in the loop.
If we write A; = (k + p;)? — m? + ie, where k is the loop momentum and the p; are
external momenta, its structure will always be the same irrespective of the theory:

L, = /( )411(1”?4 (n—1)! /dQ/ Zli)A) (2.3.30)

The numerator (...) can have Lorentz and Dirac indices and in general it also depends
on k and p;. If we define a new loop momentum [ by

I=k+> xipi, (2.3.31)

then with ), x; = 1 it is easy to show that

n 2
ZmZ-AiZZQ—A—i—ie, Az(inm) —in(p?—m?), (2.3.32)
=1 i 7
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where A does not depend on [ but only on the external momenta p; and the Feynman
parameters x;. Thus we obtain

d'l
L,=(n— 1)!/dQn /(%)4 G —(A—i)—ie)" : (2.3.33)

Finally, we perform a Wick rotation (see Appendix C)

=iy = P=-1-1?=-1%, /d4z = —z'/ d3l / dly = z/ dtlg  (2.3.34)
to arrive at the Euclidean integral

4
Ly =i(—1)"(n — 1)!/dQn /é;;ﬂ (l%(;i)n. (2.3.35)

Usually the hardest part is to work out the numerator, where we also have to express
k in terms of [ and the p; through Eq. (2.3.31). In doing so, it will depend on powers
of the loop momentum [#. What helps is that integrals over odd powers vanish by
symmetry (replace [* — —I*), e.g.

Ay I
=0, (2.3.36)
/ (2m)* (I3 + A)2

whereas even powers can always be reduced to integrals of the form

_ d4lE (l2 )m
Inm—/(27r)4 (l%imn' (2.3.37)

For example,

/ e =10 / e (2.3.38)
emt (Z+aE 47 | ent @+ Ay -

because for p # v the integral vanishes again by symmetry, whereas for p = v it must
be proportional to g"” by Lorentz invariance. The prefactors are then determined by
contracting the indices on both sides, using [* = —l% and 0, = 4 (note that in d
dimensions one has d}, = d, so the prefactor on the r.h.s. becomes —1/d).

As a consequence, the numerator under the integral in Eq. (2.3.35) can be written
as (...) =, (... )m (%)™, and the integral becomes

Lp =i(—=1)"(n — 1)!/d§2n > o m Lnm (2.3.39)

Dimensional regularization. The remaining task is to work out the integrals I,
which are divergent for n — m < 2. The idea of regularization is to isolate the
divergent pieces and write the expressions as a sum of finite and divergent terms. In
the following we use dimensional regularization, where we generalize the d*l integral to

d dimensions: ; ( ) )
1 d®l %)™
1@ — / B __\E . 2.3.40
mme M4 [ (2m)d (l% + A)n ( )
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To preserve the mass dimension, we put an (arbitrary) mass scale M in front of the inte-
gral. This seemingly innocuous operation has profound consequences, namely: Regular-
1zation always introduces a scale. When splitting the integrals into finite and divergent
pieces, the finite terms still depend on this scale, which cannot be removed.

There are many different ways to regularize the theory: instead of dimensional
regularization, which is convenient for perturbative calculations, we could also

. 00 179 A% 9 .
m introduce a hard momentum cutoff fo dly, — fo dlg, which unfortunately
breaks gauge invariance;

m use Pauli-Villars regularization, where we subtract each propagator by another
propagator with a large mass M,

m or use a lattice regularization, where we discretize spacetime and introduce a
lattice spacing a.

In all these cases we end up with an arbitrary mass scale in the theory: the mass M in
dimensional or Pauli-Villars regularization, the cutoff A, or the inverse lattice spacing
1/a. Later we will see that we can trade the dependence on this scale for a dependence
on an arbitrary renormalization point. Even for the massless QCD Lagrangian, which
has no intrinsic scale and is therefore scale invariant, regularization introduces a scale.
(And fortunately so, because if we were to compute the hadron spectrum of massless
QCD, we would otherwise expect all hadrons to be massless since nothing sets the scale.)
This is also called anomalous breaking of scale invariance, since an anomaly is a
symmetry of the classical action that is broken at the quantum level.

Moving on with dimensional regularization, we do not repeat the calculation for the
integral (2.3.40) (which can be found in QFT textbooks) but only quote its result:

s _ 1 1 1 1 I'(¢+m)

nm A rd—4 (47T)d/2 ['(n) An—m—d/2 F(%)
i 1 T(m+2-5) 1 4 M*
- (@n)?T(n)T(2-5) Ar—m=2 A

I'(n—m-—9)
(2.3.41)

€/2
> F'n—m-2+5).

I'(n) is the Gamma function, which provides an analytic continuation of the result for
arbitrary values of d. It has the properties

m [(n) = [P dea™te®, i T(n)
m'(n)=(n—1) forne N, 1 U 4r
m I'(n) has poles i i i 2r

atn=0,-1,-2,... | | | | ‘ ‘ ‘

3 2 - 1 2 3

m I'(n+1) =nl(n), N Ll n
m IV(1) = —y = —0.5772... Al

is the Euler-Mascheroni | | | /\

constant.
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For ¢ — 0 and thus d — 4, one can see that (2.3.41) is divergent for n —m —2 < 0. In
this case we can use

2
N5 =--7+0(), 7%= 1+% Inz + O(2) (2.3.42)

to obtain the convergent integrals

1 1 1 1
Isg, Iyo, Ig1,...} = e T = 2.3.43
{303 40, 441, } (47T)2{2A,6A273A7 } ( )
The divergent integrals are given by
1
(I, I31, Ina,...} = e {D,D-3,D-2,...} (2.3.44)
with )
2 4 M
D=>-7+ln WA +O(e). (2.3.45)

Be careful with the limit ¢ — 0 for the divergent terms: also O(e) terms must be kept
in the calculation since they combine with the 1/e term to give a finite contribution.
In conclusion, we have managed to split the integrals into divergent pieces, where the
UV divergences appear in the form of 1/¢ terms, and finite pieces which depend on the
arbitrary mass scale M.

Quark self-energy. Let us work out a concrete example, namely the quark self-energy
from Eq. (2.3.20):

Using the Feynman rules, it reads explicitly:

4
iX(p) = /(37:{;)4 (ig7) So(k) (igv) Dy (k — p) < > ta ta) )
. Fm) a K (2.3.46)
_ - 7 m)~y
=00y [ s (s il T

Here we employed the gluon propagator in Feynman gauge (£ = 1), the color factor is
Cr = (N2 —1)/(2N.), and we ignored the renormalization constants multiplying the
self-energy since they have the structure Z = 1+ O(g?) and will thus only contribute
to higher orders in perturbation theory.

The integral is of the form (2.3.30) with py = —p, m; = 0, pa = 0 and mg = m.
Therefore, we have

l:k+zfﬁipi=k—ﬂfp,
: (2.3.47)
A=z?p? —ap® — (1 —a)(-m?) = (1 — z)(m* —xp?) .
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Denoting the denominator by N' = 4* (f + m)~,, and removing the unit matrix §;; in
color space, we can immediately use the result (2.3.35):

d
ix(p) = —¢* CFMd 4/dx/dlE i +A) (2.3.48)

which we already generalized to d dimensions.
To work out the numerator, use {v*,7"} = 2¢"” and y#v,, = él, = d in d dimensions.
This gives

N =" (k+m)yu = ="y k + 2k +my"yy,
=2-d)f+md (2.3.49)
=2-d)/+@2—-d)zp+md.
The first term in the last line is odd in [¥, so it vanishes after integration according to

Eq. (2.3.36), whereas the remainder is independent of the loop momentum and can be
pulled out of the integral. We obtain

1

iS(p) = —ig? Cp / dz IS [(2 - d) ap + md] (2.3.50)
0

and if we split the self-energy into X(p) = X4 (p?) p— Xas(p?) we can read off the scalar
expressions:

Sa(p?) = > Cr (d - 2) /dxx1§§> ,
(2.3.51)
Y (p?) :gQC’Fmd/dﬁl( ).

Setting d = 4 — ¢ and taking e — 0, with Iy = D/(47)? and a = g?/(4r), we finally

arrive at
2 A M?
EA(p2):aCF/da:x<8—’y+ln T —1),

A
e 1 (2.3.52)
T
EM(p2) CF/d:U <—fy+1n A —2).

In conclusion, we have split the quark self-energy into divergent and finite pieces. But
what are we supposed to do with the divergences — throw them away? How would that
make any sense? Surprisingly enough, this is indeed what eventually has to happen,
but there is a deeper underlying reason which can be understood in the course of
renormalization.
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Renormalization. The basic idea is the following and can be motivated from QED.
There, the full fermion propagator should have a pole at p?> = m?, where it returns to
a free propagator but with the physical mass m. Thus we could impose

p=m? _ i(p+m) N A(p* =m?) =1
p? —m? + ie M(p?> =m?) =m.

(2.3.53)

These are two conditions, where one fixes the pole position and the other the residue of
the propagator. They correspond to an onshell renormalization; likewise, we would
demand that the photon dressing function becomes Z(g? = 0) = 1 at the onshell point.

In QCD it would not make much sense to impose such conditions, since there are no
free quarks and gluons due to confinement. Fortunately, it turns out that these renor-
malization conditions are arbitrary and thus we can generalize them to an arbitrary
renormalization point yu:

2,2 i(p+m) Ap? =p? = 1,
S(p) pT=p 2_? 5 " : = (p2 lu2) |
p? —m? +ie| 2, M(p* = p*) =m, (2.3.54)
! ! !
Z(@=p*) =1, G@=p)=1, Th®" =p?)=gfaer".

Here we imposed five conditions, four for the quark, gluon and ghost dressing functions
and one for the ghost-gluon vertex. (We could have chosen any other vertex, and in
fact we could have even chosen different renormalization points for each correlation
function, but let’s keep matters simple.)

The effect is that these five conditions determine the five renormalization constants
in Eq. (2.3.1). For example, for the quark propagator we obtain according to (2.3.21):

A(p2) = Zy + Sa(p?) 21 Zy =1-=2a(?),
' = EM(,U«z) (2.3.55)
M) A(W?) = ZyZpm + En(p?) =m Zyplm =1— o

This is, by the way, also the reason why we could set the renormalization constants
attached to the one-loop quark self-energy in Eq. (2.3.46) to 1, since the remaining
contributions would only enter at higher loop orders. As a result, the renormalized
dressing functions are finite because the 1/e divergences drop out:

2 .2

AGP) =14 Salp?) = Za(u) = 14 5 Cr [ doa "0

27 m? — xp?

LT (2.3.56)

MP)AP?) = m + Sy (%) — Sar(p?) = O‘mc/dlm_w.

(P)AP") =m+Ep(p) = Zp(p’) =m+ ——Cp e S—

The resulting mass function up to O(«) is
2 2
2 _ o Cmy,om’ —ap 2

M(p)—m[1+7TCF/dx<1 2>lnm2_xp2]+(’)(a), (2.3.57)

which for p?, u? > m? becomes (we will return to this at the end of Sec. 2.3.3)

3 2
M(pZ)%m[l—;CF mP].

e (2.3.58)
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We could repeat the procedure to determine the one-loop results for the remaining
propagators and vertices and in all cases the 1/¢ divergences would drop out as well. As
a result, imposing five renormalization conditions determines the five renormalization
constants Z; and removes all divergences from the theory (we will better see how this
works below). The resulting correlation functions are finite but depend on the arbitrary
renormalization point u, which replaces the dependence on the arbitrary mass scale M.
The renormalization constants Z; are still divergent since they absorb the 1/e terms,
but they drop out in all observables that can be calculated from the theory.

In this way, the mass m(u) is a parameter of the theory which has to be taken
from experiment. In QED we could set the physical mass of the electron by onshell
renormalization (p? = m?), because this is where the electron propagator has a pole. In
QCD, the current-quark masses must be specified at some suitable renormalization scale
where theory predictions can be compared to experiment. This scale should also be
spacelike (12 < 0) to avoid branch-point singularities that appear in the loop diagrams.
High-energy scattering experiments with hadrons probe quarks and gluons at large
spacelike momenta, which is also where the QCD coupling is small and perturbation
theory applicable.

The coupling g(u), on the other hand, is not truly a parameter but sets the scale: so
far we have been working in arbitrary units, but to connect to GeV units we must set
the coupling a(p?) at a given momentum scale. Different values of a(1?) then merely
rescale the system, which means that the running of the coupling a(u?) is an inherent
property of the theory itself. Therefore, the parameters of QCD are a scale, where the
coupling takes a specific value, and the current-quark masses at that scale — these
must be taken from experiment.

The choice of a renormalization scheme reflects the arbitrariness in the specifi-
cation of m(u) and g(p):

m Imposing overall renormalization conditions of the form (2.3.54) defines a mo-
mentum subtraction (MOM) scheme. This is convenient for nonperturbative
calculations since at no point in the previous discussion we needed to resort
to a perturbative expansion: Eq. (2.3.21) can equally be viewed as the Dyson-
Schwinger equation for the full self-energy, which is nonperturbative and exact.

m Alternatively, one can explicitly subtract the divergent 1/¢ terms order by order
in perturbation theory, which defines the MS scheme (minimal subtraction). In
that case our definition of the renormalization scale u is no longer available and
M = p takes its place instead, since it is not cancelled by the subtraction anymore.

m Another possibility is to subtract not only the divergences but all terms that are
independent of M; this defines the MS scheme (modified minimal subtraction).

As a consequence, the masses and couplings depend not only on the renormalization
point but also on the renormalization scheme. For example, the Particle Data Group
(PDG) quotes the current-quark masses in the MS scheme at a renormalization scale
i = 2 GeV. The quantities obtained in different schemes are related to each other by
finite terms, and the invariance in the choice of u, m(u) and g(u) leads to the concept
of the renormalization group. At the end of the day, all physical observables must
be independent of the renormalization point and scheme.
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Renormalizability. So far we have only considered one explicit diagram. Do the
singularities always cancel? Let’s consider the action for a generic ¢P theory:

S = —/d4x B¢(m+m2)¢+Ap¢P , (2.3.59)

where we suppress the renormalization constants for simplicity. Now count the mass
dimensions of the quantities that appear in the action:

[S]=0, [d'2]=-4 = [£=4, [g]=1, [#]=p, [N]=4-p. (2.3.60)
From here we can infer the dimensions of the 1PI n-point functions in momentum space:
FQZ —O0— = —i(pQ—m2)+... = [FQ]:Q,

ri= X =  [[d=0, (2.3.61)

g = —}(— =  [Dg] = -2,

because Ty, 1o follows from Ty, after taking two functional derivatives 62/5¢%. Thus, the
mass dimension of I', is [I',] = 4 — n.

On the other hand, we can also count the dimension of I',, in some given order
in perturbation theory. To do so, we count the number of loops L (each comes with
dimension four), the number of internal propagators I (each with dimension —2), and
the number of vertices (each with dimension [Ap]):

[C,] = 4L — 21 + [\ V. (2.3.62)

For example in ¢* theory, where [\4] = 0:

L=1 L=1 L=2
[r4]:0 [rs]:—z [r6]=—2

Obviously this is consistent.

Now, the quantity D = 4L — 21 also tells us how badly divergent a given diagram
will be: if the number of loops L beats the number of propagators I it will diverge;
if there are many propagators in a loop it will converge. D is called the superficial
degree of divergence: if D < 0 the diagram converges, if D > 0 it diverges. The
first diagram above has D = 0 and diverges logarithmically. The second has D = —2
and is convergent; the third has D = —2 but unfortunately it is still divergent because
it contains a divergent subdiagram (the one on the left). Hence the name ‘superficial’
degree of divergence:

m a diagram with D > 0 can still be finite due to cancellations,
m a diagram with D < 0 can be divergent if it contains divergent subdiagrams,

m tree-level diagrams have D = 0 but they are finite.
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F1G. 2.12: Degree of divergence D in ¢* theory (left) and ¢% theory (right).

Let us ignore these subtleties for a moment and assume that D counts the actual
degree of divergence. Then from Eq. (2.3.62) the degree of divergence of a given I',, in
@P theory (with A, = ) is

D=,]-[\NV. (2.3.63)

The mass dimension [[';,] is fixed, so depending on the mass dimension [A] of the
coupling, D can rise or fall with higher orders in perturbation theory (expressed by V).
Take ¢* theory in the left panel of Fig. 2.12, where [A\] = 0 and D = [I',,] is independent
of V. In this case there are only two divergent n-point functions, namely the inverse
propagator and the four-point function. These are also the ones with a tree-level term
in the Lagrangian; they are called the primitively divergent n-point functions.

One can indeed show that the analysis goes through in general, also for divergent
subdiagrams, which is known as the BPHZ theorem (Bogoliubov, Parasiuk, Hepp,
Zimmermann). The reason is that the Z; factors in front of the diagrams (which we can
neglect at one-loop) cancel the divergences at higher orders. Take for example the two
rightmost diagrams below Eq. (2.3.62): both contribute to the six-point function, one
with V' = 3 and the other with V' = 4. The V = 3 diagram carries factors Z = 14§72,
where 6 Z contributes at higher order to the V' = 4 graph. The sum of all contributions
at a given order cancels the divergences. Here it is especially useful to employ the
counterterm language, because the subdivergences will cancel with the counterterms
at each order in perturbation theory.

On the other hand, the same analysis for ¢% theory, where [\] = —2 and thus
D = [I',)] + 2V, gives the result in the right panel of Fig. 2.12: if we go high enough in
perturbation theory, eventually every n-point function will diverge!

This leads to the notion of renormalizability: a theory is renormalizable if only
a finite number of Green functions have D > 0, so that only a finite number of renor-
malization conditions are necessary to remove the divergences from the theory. From
Eq. (2.3.63) this is equivalent to the following statement:

A theory is renormalizable if [A] > 0.

Thus, the coupling must either be dimensionless or have a positive mass dimension (in
the latter case the theory is called super-renormalizable).
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F1c. 2.13: Examples for non-renormalizable interactions constructed from fermions and gauge
bosons. From left to right, the diagrams carry mass dimensions 5, 6 and 6.

A non-renormalizable theory has a coupling with negative mass dimension: in
that case every n-point function eventually becomes divergent. Here we would need
new renormalization conditions at each order in perturbation theory, and eventually
infinitely many, so we must specify infinitely many constants from outside — the theory
thereby loses its predictive power.

On the other hand, we will see in Sec. 4.4 that non-renormalizable theories are still
perfectly acceptable low-energy effective theories since higher loop diagrams also
come with higher momentum powers. For example, chiral perturbation theory is a non-
renormalizable low-energy expansion of QCD; the non-renormalizable Fermi theory of
weak interactions is the low-energy limit of the electroweak theory. In this sense, non-
renormalizable theories are merely ‘less fundamental’ since they are not applicable at
all energy scales.

Another caveat is that all considerations above are based on perturbation theory. For
example, the Einstein-Hilbert action in quantum gravity defines a non-renormalizable
gauge theory, which is also the reason why it is not considered as a part of the Standard
Model and which has spurred developments e.g. in string theory. There is still the pos-
sibility that a non-renormalizable theory becomes non-perturbatively renormalizable,
i.e., it ‘renormalizes itself’ by developing nontrivial UV fixed points. This leads to the
concept of asymptotic safety, and there are indications that this is what could be at
play in quantum gravity.

In any case, a renormalizable QFT contains only a small number of superficially
divergent amplitudes, namely those with a tree-level counterpart in the Lagrangian,
and therefore it only needs a finite number of renormalization constants. The good
news is that we can read off a theory’s renormalizability directly from its Lagrangian:
we just need to look at the mass dimension of the coupling constant. For a scalar ¢P
theory only ¢ and ¢* interactions are renormalizable whereas those with p > 4 are not.
Likewise, the QCD Lagrangian is renormalizable, whereas diagrams such as in Fig. 2.13
are not: with [¢)] = 3/2 and [A] = 1, their mass dimensions are greater than 4, and
to compensate this we would need to attach couplings with negative mass dimensions.
Renormalizability restricts the possible forms of interactions dramatically!
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2.3.3 [ function and running coupling

Callan-Symanzik equation. Consider again a generic field theory with a field ¢ or
several fields ¢;. Then the bare and renormalized fields are related by ¢p = Z;/ 2 ¢ in

analogy to Eq. (2.3.1). Since this implies
0
e ¢ gpn’

(2.3.64)

we can read off how a renormalized 1PI correlation function (I' = §"I'/d¢™), which
depends on a set of momenta {p;}, the renormalized coupling g, the renormalized mass
m and the renormalization point f, is related to its bare counterpart (I'y = 6"I'/d¢p):

" ({pi}, 9 m. ) = 25 T ({pi}, g8, mp) - (2.3.65)

The bare quantities cannot depend on the renormalization scale . If we apply the
derivative prd/dp and use dI'}y/dp = 0, we obtain the Callan-Symanzik equation:

0 dg 0 dm 0 n nj2—1 dZg pdlnZg
— - — — — | IM=u-Zz — IR =n~>=——->T". (2.3.66
(M 8,u+'udu 8g+ du 6m> Ho % du " du ( )
B(g) mym(g) v(9)

Here we defined the 8 function $(g), the anomalous mass dimension 7,,(g), and the
anomalous dimension of the field v(g); they determine the respective change of the
coupling, the mass and the field renormalization under a change of the renormalization
scale. For n-point functions that depend on more than one field we would have to
include a separate y(g) for each of them.

The Callan-Symanzik equation entails that a shift of the renormalization scale can be compensated
by an appropriate shift of the coupling, the mass and the fields. Suppose for the moment that v(g) = 0,
so that Zy is independent of p. We also set m = 0 to simplify the discussion. The L.h.s of the equation
then implies dI'™ /du = 0, i.e. also the renormalized n-point function is p—independent. A change of
the renormalization point can then always be compensated by a shift of the coupling:

" ({pi}, g(), 1) = T" ({p:}, 9(po), po) - (2.3.67)

Moreover, the Callan-Symanzik equation also allows us to compensate the momentum dependence of
an n-point function by a change in its coupling. Consider an n-point function with mass dimension D;
it can be written as

n pi pi
e oed g = ({24 a0 ) = ({2}, gt0). (23.68)
where the function f is dimensionless. The first equality is simply a dimensional argument, and the
second follows from Eq. (2.3.67) since the expression is independent of . Now replace all momenta
Dpi — Api, where X = p1/po:

i (A {%} , g(uo)) ey ({%} 7 g(/\uo)) . (2.3.69)

Hence, at a fixed renormalization point uo, a uniform rescaling of momenta can be compensated by an
according shift of the coupling on which the Green function depends. If we dropped our simplifications
v(g) = 0 and m = 0, the equation would pick up a scaling factor that depends on ~(g), and the
renormalized mass would obtain a scaling factor ~ v, (g), hence the name ‘anomalous dimensions’.
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F1a. 2.14: Possible shape of the 8 function and its inverse that appears in Eq. (2.3.70).

f function. The § function of a theory, S(g) = pdg/du, encodes the change of the
running coupling with the momentum scale. If we change the scale from pg to p and
define the dimensionless variable ¢ = In(u/po) € [—00, 0o], which entails pd/du = d/dt,
then the change from the coupling g(0) at ug to g(t) at p is given by

g(t) J t
g /
— —_— d prm— . .
0= = [ 35 =1, (2.3.70)
g(0) 0

which can be solved for g(t) if f(g) is known.

To understand this equation better, let us study possible shapes of the 5 function
(Fig. 2.14). The values g* where 3(g*) = 0 are fixed points under a renormalization-
group evolution because the coupling does not change in the vicinity of g* (dg/dt = 0).
Eq. (2.3.70) entails that the Lh.s. must diverge for ¢ — +o0o: this happens when g(t)
runs into the fixed point nearest to g(0), or when it goes to infinity because there is no
zero of [(g) to approach. Whether the fixed point corresponds to ¢ — oo or t — —o0
depends on the sign of the 8 function and the integration direction:

m An ultraviolet (UV) fixed point (¢t — +o00) implies g(t) > g(0) and S > 0 or
g(t) < 9(0) and § < 0;
m An infrared (IR) fixed point (¢t — —oo) implies g(t) > ¢(0) and 8 < 0 or
g(t) < g(0) and B > 0.
The origin g = 0 is always a fixed point since 5(0) = 0. A theory is called
m asymptotically free if ¢ = 0 is a UV fixed point, because then the coupling
becomes small for ¢ — oo (as we will see below, this is the case for QCD);
m infrared stable if g = 0 is an IR fixed point (e.g. QED, ¢* theory).
The domains separated by fixed points correspond to different theories, unless there

are several couplings in the theory (in which case one ends up with a multidimensional
phase diagram).
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Calculation of the § function. In the following we sketch the calculation of the 3
function in QCD (for which Gross, Politzer and Wilczek received the Nobel Prize in
2004). We start with the relation gp = Z, g from Eq. (2.3.1), where the bare coupling
gp does not depend on u. In four dimensions g is dimensionless, but since we want to
employ dimensional regularization we must work out the dimension [g] of the coupling
in d = 4 — € dimensions. Because the action remains dimensionless and the spacetime
integral is d%z, we have

c=d, W=20 =32 = G=w-pe=5.  @amn

Thus we write gp = Z,4 g uf’?, where g is the dimensionless coupling in arbitrary

dimensions (this is equivalent to putting factors u° in front of loop integrals such as
Eq. (2.3.48)). The g function then becomes

Bgy=d9_, (9 \_, (c_95 _1d% 95
dt ’udu ZgﬂE/Q K 2 Zg'ue/2+1 Zg du #5/2

e d
- - (2+dtang>g.
To proceed, we must calculate the g dependence of Z,. From Eq. (2.3.3) we see
that Z, appears in all vertices in the Lagrangian in combination with other renormal-
ization constants, so we could obtain it from any of the combinations {Z4, Zy, Zr},
{Za, Z., ZF}, {Za,Z3g} or {Za, Zsy}. In the first case, we must calculate the one-loop
diagrams for the gluon propagator, the quark propagator and the quark-gluon ver-
tex. Because the renormalization constants absorb the infinities, the simplest option
is to use the MS scheme where they only absorb the 1/¢ terms and nothing else. For
example, for the quark propagator we have from Egs. (2.3.21) and (2.3.52):

4 M2
T —1). (2.3.73)

In our earlier MOM scheme we demanded A(u?) = 1, which led to Zy = 1 — Z4(u?),
whereas in the MS scheme we only subtract the infinities:

9> 2Cr
(4m)? e
In the same way one computes Z4 and Zr, where only the highest momentum powers

in the loop integrals contribute since only those produce the divergences and thus the
1/e terms. Putting everything together, the one-loop result for Z, becomes

b Bo 2
Zyo=1—-¢*+... b= —_ =11-=
g 5g+ ) (471')2’ BO 3

where Ny is the number of flavors. Inserting this back into Eq. (2.3.72) gives

(2.3.72)

o 2
A(p2) :Z¢+2A(p2) :Z¢+27TCF/dJJx (6—’)/4-111

« 2
Ly =1— — -=1- 2.3.74
W > CF/deL‘E (2.3.74)

Ny, (2.3.75)

ilnzg:_%bgg(gwr... = 5(9):—(6—%95(9)>9

dt 2 ¢
= B9 (1 _ 2:92> — _%9 (2.3.76)

S
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Fi1G. 2.15: B function in QCD and QED (left) and resulting shapes of the running coupling.

For ¢ — 0, we obtain the result
Blg) = —bg’ + O(g°) . (2.3.77)

The negative sign of the 8 function at g — 0 shows that QCD is indeed an asymptot-
ically free theory, i.e., g(¢) becomes small at large momenta ¢t — co. Note that this is
only true for 8y > 0, which entails Ny < 16; for more than 16 flavors we would lose
asymptotic freedom. The lowest-order coefficients at O(g3) and O(g®) are independent
of the renormalization scheme, whereas higher-order terms are not.

Running coupling. If we put the result for 3(g) back into Eq. (2.3.70), we obtain
the running coupling of QCD:

(t)

dg 1/ 1 1\ o g(0)?
/ —bg3 2 (g(t)2 - g(O)2> =t = g(t)}?= H—Ttg(())z’ (2.3.78)
9(0)

or equivalently «(t) = g(t)%/(47) = a(0)/[1 + ff—fr «(0) 2t]. Writing 2t = In(p?/ud), this
expression has a pole at p? = AE}CD defined by

1 1 1 1

a(o):f . = a(t):Eln p +1nl£:@1n : (2.3.79)
Am T AGep 4 Mo 5 4™ Agep

From the Callan-Symanzik equation we can interpret the dependence on p? as a de-
pendence on ¢?. Actually we should have started from large spacelike (‘Euclidean’)
momenta ¢°> = —Q? < 0, because this is the momentum region where we can compare
to experiment and where a(Q?) is guaranteed to be free of singularities. As long as 2
and p3 are also spacelike, this does not change the formulas and we arrive at

2) = 1 . 2.3.80
a(Q?) B0 1n(Q2/A2 ) ( )

At large momenta where o(Q?) becomes small, quarks and gluons behave as asymptot-
ically free particles and we can apply perturbation theory. On the other hand, this also
means that the coupling increases at small momenta and perturbation theory will even-
tually fail. In that region, nonperturbative effects related to the formation of bound
states become important.
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F1G. 2.16: Overview of a(Q?) measurements from the PDG, taken from P. A. Zyla et al.,
Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

The analogous calculation in QED gives 8y = —4/3 so that 3(g — 0) is positive:
QED is infrared stable and the coupling grows with increasing momenta. It actually
grows very slowly (Fig. 2.15), so that perturbation theory works very well over many
orders of magnitude.

Aqcp is the scale where perturbation theory definitely breaks down since it produces
an unphysical Landau pole in the perturbative expansion. Eq. (2.3.80) and its refine-
ments at higher loop orders allow one to convert the running coupling at a given scale
— see Fig. 2.16 for the current world average of a(M2) — to a value for Aqcp, which
therefore depends on the order in perturbation theory, the renormalization scheme, and
the number of active flavors at the scale where the coupling is probed (due to the N
dependence in By). Comparison of a(Q?) at four-loop order with experimental results

yields the value ATL™" = 210(14) MeV [PDG 2018].

Alternative calculation of the running coupling. Another way to compute the
running coupling is to start from the finite quantities (i.e., the renormalized propagators
and vertices) instead of the divergent ones (the renormalization constants). To do so,
note that the renormalization constants do not only relate the renormalized with the
bare fields, but also the renormalized dressing functions of the propagators and vertices
with their bare counterparts, cf. Eq. (2.3.65). For the gluon and ghost propagator and
the ghost-gluon vertex this reads:

Zp(¢*) = Za Z(¢"), Gp(d®) = Z.G(q*), Tan(d®) = ZrTH (). (2.3.81)

Here, th(qZ) = fl(qz, q?,q%) is the dressing function attached to the tree-level tensor
of the ghost-gluon vertex in Eq. (2.3.17). We also have gp = Z, g and thus ap = Zg2 a.


https://pdg.lbl.gov/2020/reviews/rpp2020-rev-qcd.pdf
https://pdg.lbl.gov/2020/reviews/rpp2020-rev-qcd.pdf
https://pdg.lbl.gov/2018/reviews/rpp2018-rev-qcd.pdf
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F1G. 2.17: One-loop diagrams for the gluon and ghost propagator and the ghost-gluon vertex.

We can use Eq. (2.3.3) to find combinations that stay unrenormalized, i.e. for which
Fp = F, since only those can contain observable information. One such combination
is the ‘running coupling from the ghost-gluon vertex’:

2 2y 20,2\ 12 (2 212 2
a =aZ G r =—=——= . 2.3.82
a(q’) (¢7) G™(q") Tan(47) T304 72 B(q%) ( )
1
The bare quantities are individually divergent but the divergences must cancel in the
combination.

To determine a(q?), one must calculate the one-loop diagrams in Fig. 2.17 for the
gluon propagator, the ghost propagator and the ghost-gluon vertex. The results for a
general gauge parameter £ are

2% =1 & | Ne (-5) —4TFN41 ZQ

4 | 2
- _ 2
Glg®) =1- % N3 y 5] In ZQ , (2.3.83)

a [ €], ¢
th( )—1—47[_-Nc2:|1n'u2
The first term in the bracket for Z(¢?) is the sum of the gluon and ghost loop (the
tadpole drops out). The second term comes from the quark loop, where the color trace
is Tr = 1/2 in the fundamental representation and we set ¢?, u? > m?. Taking the

squares of G(¢?) and I'gy(¢?), the terms in the brackets add up to

N, 3-¢

2

11 4
50=c<—§>—TFNf+N +N.&= 5 N.— 5 TrNy, (2.3.84)

2 3 3

where the dependence on the gauge parameter £ has dropped out. This is identical to
the result (2.3.75) and the resulting running coupling at one-loop order is

2
_, 92 « q a
1o 23 mLy 9.3.85
) a( gm0t ) l+adm ( )
T
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Fic. 2.18: Qualitative shape of the quark mass function from perturbation theory and non-
perturbative calculations.

In QED, in the absence of gauge-boson self-interactions and ghosts, the relations
in Eq. (2.3.3) reduce to Z, Zil/z = 1 and Zr = Zy, so the analogous definition of the
running coupling is a(¢?) = a Z(¢?). In that case only the diagram with the fermion
loop in the photon propagator survives, which yields Sy = —4/3 for one species of
fermions. In Eq. (2.3.84) one can see how the screening effect from the quark loop, which
gives a negative contribution to 3y for Ny < 16, is overwhelmed by the ‘antiscreening’

from the remaining diagrams involving gluons and ghosts.

Running quark mass. The quark mass function is another combination that stays
unrenormalized since Eq. (2.3.11) entails

iS7'(p) = AW?) (p — M(p*)) = ZyiS5"(p) = Zy Ap(p*) (p — MB(p*))  (2.3.86)

and thus M (p?) = Mp(p?). We already worked out the one-loop result for the mass
function in Eq. (2.3.58). If we define the anomalous mass dimension +,, as

3CF 4

= = , 2.3.87
o T (2.3.87)
then we can write to one-loop order for o < 1:
[ 3a p? Bo P’
2y _ _
M(p*) =m _1_ECF lnlﬂ} =m [1_7m47ralnug
B r BO p2 —Tm B a(p2) Tm
=mlr el =mc (2.3.88)
[/ Agen) T g
- 1 Ym
| 2 ln(pz/A(QgCD) [% 1n(p2/AéCD)}

This gives the one-loop running of the quark mass function at large p?. It is also
independent of the gauge parameter ¢, whereas the result for A(p?) is

2 a p?
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Unfortunately, QCD perturbation theory turns out to be of limited use in this
case because for light quarks the biggest contribution to the mass function M (p?) is
generated non-perturbatively by spontaneous chiral symmetry breaking (Fig. 2.18).
We will return to this point in Sec. 4.2.

From Eq. (2.3.83) we can also read off the anomalous dimensions for the gluon and ghost propagators
and the ghost-gluon vertex. Writing

1 1 1
2(6°) X 55— G@) x 75—, Ten(d®) < ———r5— 2.3.90
(O azaapa s O garaepe O S e G40
we find
1 [N (13 4 1 3-¢ 1 13

=—|— | = — — —TrN = - c 5 rh- :7N(:77 2.3.91
Vel ﬂ0{2<3 5) 3Ff]7 Vel ﬂo{’ 4} Ygh-gl 50{ 2} (2.3.91)

where g1 + 29gh + 29gh-gl = 1. In Landau-gauge Yang-Mills theory (£ = 0, Ny = 0) this reduces to

13 9

Vel = 92 Ygh = a1’ Yeh-gl = 0. (2.3.92)
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Chapter 3

Hadrons

In the previous chapter we mostly ignored the flavor structure of the QCD Lagrangian
because it was less relevant for the properties of quarks and gluons compared to the
color structure. Vice versa, QCD’s local gauge invariance does not tell us much about
the systematics of the hadron spectrum except that hadrons are color singlets and can
be constructed from ¢g and ggqq (and also more complicated combinations). Here we
will turn the wheel around and focus exclusively on the global flavor symmetries of
QCD, in particular chiral symmetry, which becomes important and leads to effects
that are observable (or conspicuously missing) in the mass spectrum.

3.1 Flavor symmetries and currents

Noether theorem. The Noether theorem states that any continuous symmetry trans-
formation that leaves the classical action invariant implies the existence of a conserved
current, where the corresponding charge is a constant of motion. This is true for space-
time symmetries and, in our context, global symmetries (but effectively also for local
ones in the sense that each local symmetry has an underlying global symmetry). Let
us exemplify the statement for a generic field theory with action S = [ d*x L(¢;, 9.65).
Consider a global transformation

¢; — Dz](g) ¢] — <6iza5ata>ij ¢] — ¢Z + 5¢Z (311)

of the fields under some Lie group G, where ¢, are the group parameters, the t, with
[ta,ts] = ifapcte are the generators of the Lie algebra in the representation to which
the ¢; belong, and D(e) are the representation matrices. Compute the variation of the
action with respect to the group parameter ¢, inside a spacetime volume V and for
solutions of the classical equations of motion:

e [ L 55,0
8= / o= / 53 |35 505+ 50090

J ) S gt )]

— oY eaj =0 for classical solutions
—_— = aJa




66 Hadrons

Here we considered a fixed volume V' where the fields do not vanish on the surface, so the
surface term does not vanish automatically. The second bracket vanishes for solutions
of the Euler-Lagrange equations. Hence, if the classical action is invariant under the
symmetry and thus 5 = 0, there is one conserved current for each generator of the
symmetry group when evaluated along the classical trajectories:

. . . , oL
ij prt

We can further use Gauss’ law to convert the volume to a surface integral. For two
spacelike hypersurfaces o1 and o9, if the surface term at spatial infinity is zero, this

yields
/d4:c8ujg— /dauja = [/—/]d%jgj =0. (3.1.4)
\% ov o2 01

In particular for two spacelike surfaces at fixed time ¢, the integral over a surface in
four dimensions becomes a three-dimensional volume integral, where the four-vector
do,, = (dz,0) points in the time direction, and therefore we find a conserved charge
for each generator t, of the symmetry group:

Qq(t) = /d3xj3(x) = const. (3.1.5)

Note that the currents and charges are still well-defined if the fields do not obey the
classical equations of motion (then the second parenthesis in Eq. (3.1.2) is nonzero)
or if the symmetry is classically broken (then the action is not invariant, 65 # 0). In
these cases the currents and charges are not conserved:

d

Ouitt 0, = Qult) £ 0. (3.1.6)

Quantization. When the classical field theory is quantized, the fields ¢;(x), currents
j& (z) and charges Q,(t) become operators on the state space of the theory. As we will
see later, the (anti-) commutation relations of the fields imply that the charges satisfy
the same commutator relations as the generators of the symmetry group,

[Qabe] = ifabc QCa (3.1.7)

so they form a representation of the Lie algebra on the state space (the charge algebra).
This relation remains intact even if the charges are time-dependent, i.e., if the symme-
try is broken. The charges can be used to construct a representation of the group on
the state space under which the field operators transform,

U=e'2Ze®Q  NM)=U[\), U¢U'=D;'¢;, (3.1.8)
which implements the classical relation (3.1.1) at the level of expectation values:

(N1 ¢ | Aoy = (MU i U [A2) = Dij (M| 5| Aa) - (3.1.9)
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(Note that later we will not always be consistent in the notation and denote the trans-
formation matrices of the classical fields by U instead of D while leaving the operators
exp(i ), €q Q) unnamed.) By expanding U = 1+i) e, Qqand Dx1+1i)  e4tq,
Eq. (3.1.8) entails

[Qa, ¢i] = —(ta)ij ;- (3.1.10)

If the symmetry leaves the vacuum invariant, U|0) = |0), then all generators @, must
annihilate the vacuum: Q,|0) = 0, and we find

(016:10) = Dy (016;10) = (0]6i[0) +1i Y _ £ (ta)is (01510} - (3.1.11)

Thus, the vacuum expectation values must vanish for those directions ¢, that do not
leave the ¢; invariant, which is the usual ‘Wigner-Weyl realization’ of a symmetry:
(0]¢:|0) = 0. Later we will study examples where the ¢; can be composite fields (such
as 1)) or also collections of different fields (e.g. o and m, in the o model).

The Heisenberg equations of motion, on the other hand, are a consequence of
translation invariance 0,F(¢) = i[P,, F(¢)], which holds for arbitrary polynomials of
the fields including the charges Qq(t):

dQq
dt

Therefore, if the charges are conserved, they commute with the Hamiltonian and have
a common eigenvalue spectrum. In other words, the mass spectrum of the theory can
be labeled by the irreducible representations of the symmetry group, which will lead
to the flavor multiplets of hadrons.

In addition to the explicit breaking of a symmetry, there are also other possibilities
how classical symmetries can be broken at the quantum level:

= i [Hocp, Qa) - (3.1.12)

m Spontaneous symmetry breaking: Here the classical action is still invariant
under the global symmetry and the currents are conserved, d,, j4 = 0, but the vacuum
and the correlation functions of the theory lose this symmetry and develop condensates
(0]9:|0) # 0. As a consequence, U|0) # |0) and there are charges which do not annihi-
late the vacuum: Q4]0) # 0 (we will refine these statements in Sec. 4.2). For each such
charge there is a massless Goldstone boson. Spontaneous symmetry breaking is a
dynamical effect due to the dynamics inherent in the theory, so one may as well turn
the argument around and argue that it happens because the dynamics contains massless
long-range interactions. The QCD example is chiral symmetry or, more precisely, the
group SU(Ny)4 for vanishing quark masses.

m Anomalous symmetry breaking: Also here the classical action is invariant,
but the symmetry is broken at the quantum level due to regularization, i.e. if there is
no regulator that preserves the classical symmetry. We already mentioned the anoma-
lous breaking of scale invariance; other typical candidates are again axial symmetries:
in dimensional regularization, «s has no natural extension to d # 4 dimensions; a
Pauli-Villars regulator breaks chiral symmetry explicitly due to a mass term, etc. In
Sec. 4.3 we will study the U(1)4 anomaly in QCD. In contrast to spontaneous symme-
try breaking, also the currents are no longer conserved and pick up additional terms
so that 8y, j& # 0.
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3.1.1 Symmetries of the QCD Lagrangian

In order to discuss QCD’s flavor symmetries, we only need to consider the quark parts
of the QCD Lagrangian since only the quark fields carry flavor labels:

L=¢(i)-My+gvAd  with  9ai(@), Yail). (3.1.13)

In the following the index ¢ = 1... Ny denotes the flavor and we suppress the color
indices. For simplicity we also work with unrenormalized quantities and discuss renor-
malization when necessary. The spinor fields g (), ¥ai(z) transform under the
fundamental representation of SU(Ny):

W (x) = Up(z), () =v@)Ut  with U= e 2asata, (3.1.14)

The t, are the SU(Ny) generators, e.g., the Pauli matrices t, = 7,/2 for two flavors
and Gell-Mann matrices t, = A\, /2 for three flavors (see Appendix A). In the two-flavor
case, the diagonal quark mass matrix in the Lagrangian has the form

(my 0 myt+mg B
M_< 0 md>_2 1+ (my —mg)ts, (3.1.15)

whereas in the three-flavor case it is given by M = diag(m.,,, mg4, ms) or

My + Mg — 2Myg

V3

My + Mg + Mg

3

M= 1+ (my —mg) ts + tg. (3.1.16)

Flavor symmetries. Consider the following global transformations of the quark fields:

¢l2acate ¢ SU(Nf)V, e ¢ U(l)V,

S et e (3.1.17)
e 2uafate € SU(Nf)a, et elU(1)a,

where SU(Ny)y denotes the usual transformation from Eq. (3.1.14). The subscripts V
and A indicate that these transformations will induce vector and axialvector currents.
The axial transformations involve 5 matrices and in the U(1) cases € is just a number.
The infinitesimal transformations of the quark and antiquark fields read

SUNp)y: 8¢ =) cataity, 6 =—it) Y cata, (3.1.18)
SU(Nyg)a - 61/1:7526atai¢, 0 =i ys Z gata - (3.1.19)
Uy : 0 =eir, o) = —ie, (3.1.20)
U(1l)a: o) = esiv, 8 = iy . (3.1.21)

Note the positive signs for the 7 terms in the axial cases, which follow from the
anticommutation of v5 and 7 in obtaining ¥ = ¥1q:

(Vs ta i) y0 = —ithT ta 570 = +ith ta s - (3.1.22)
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We will make frequent use of the following quark bilinears:

ja () :== P(x) T ta¢h(x) i () = () T (), (3.1.23)

where T' € {4#, vH~s5, 1, i75} are vector, axialvector, scalar and pseudoscalar Dirac
matrices. We denote the corresponding vector, axialvector, scalar and pseudoscalar
currents or densities j{a ) (z) by !

Vo Vi), s = Ay (@), 1= Sg(@), i = Pgx).  (3.1.29)

These quantities are all hermitian, e.g.
Pt = @iysy)t = —ivpTy5y0 ¢ = +ih 9 = P. (3.1.25)

In the following we investigate the symmetry transformations U(1)y x SU(Nys)y X
SU(Nf)A X U(l)A in detail.

m U(1)v : The action is invariant under a global phase transformation 1’ = e%1).
The corresponding flavor-singlet vector current according to Eq. (3.1.2) is

oL oL _
p_ ooc oo 0L oo o
v a(a,uwa,z‘) (“,ba,z) + 8(8;11;7)01,1') ( Z¢O‘ﬂ) ¢,Y w: (3126)

where we used (cf. Eq. (2.1.40))

o -, o
00.0) -7 3

Current conservation 9, V# = 0 can be verified by inserting the solutions of the classical
Dirac equations of motion from Eq. (2.1.41), where A" is the gluon field,

=0. (3.1.27)

Do=(gA-—M)i, §P =—ib(gA—M), (3.1.28)

_ I
and thus 0, V¥ =1 P +1) @ 1p = 0. The conserved charge is

QV(t) = /d3x¢70¢1 = /d3$¢T1l} = const. (3.1.29)

and reflects fermion number conservation, because in the quantum field theory it counts
the number of quarks minus antiquarks in the state. If we define n, = (#q) — (#¢) for
each flavor, then the eigenvalue of QY (which we also call Q") is the baryon number.

For three flavors:

B_gv_nu+nd+ns
3 3 ’

and the U(1)y symmetry entails baryon number conservation.

(3.1.30)

Here is a clash of notation: A* denotes both the axialvector current and the gluon field. Fortunately
we won’t be dealing with gluons for a while, and if so we will use the gluon field-strength tensor F*”
instead. Unless stated otherwise, from now on A* will refer to an axialvector current.



70 Hadrons

m SU(Ng)y : is explicitly broken by the mass matrix M # m1 since UTMU # M.
We can still write down the currents, one for each generator of the group, and compute
their divergences:

VHE =y, 0, VI =i M t,] 9. (3.1.31)

The action is only invariant if all quark masses are identical. In that case the (N]% -1)
vector currents are conserved, 9, V' = 0, and so are the corresponding charges:

Q, (1) = /d3w 'ty ¢ = const. (3.1.32)

Because the diagonal generators (t3 in the two-flavor and ts, tg in the three-flavor
case) commute with each other and hence also with the mass matrix M, the corre-
sponding isospin and hypercharge currents

Vi =yyttgy =

_ 1 _
VE =yt tg e = —— (avHu + dv*d — 25vs
=Yty 2\/5(7 y s)

are always conserved, even if M # m 1. In combination with the vector-singlet current

VH = 9yt from Eq. (3.1.26), this implies that the flavor-diagonal vector currents
uy*u, dy*d and §v*s are individually conserved, which reflects flavor conservation in
QCD. The corresponding charges are the third component of the isospin I3 and the

hypercharge Y:

ayHu — dyPd) ,
( )

N

(3.1.33)

I3=Q§/=

— 2 -2
T —1d Yy — e QY = Ny + N = 21 (3.1.34)

2 /3 3

This is what allows us to arrange hadrons in {I3,Y } multiplets even if the underlying
flavor symmetry is broken due to the unequal quark masses. From the eigenvalues of
B, I3 and Y we obtain

Y=B+S5, Q:13+§:§nu—%nd—%ns, (3.1.35)
where S = —ny is the strangeness and @) the electric charge of the state. The relation
Q = I3 + Y/2 is the Gell-Mann-Nishijima formula.

The remaining flavor-changing vector currents have divergences proportional to
quark-mass differences; if we go back to the two-flavor case with m, # mg and use
instead of t 2 = 71 2/2 the generators

t+:t1+it2:<8 [1)), t_:tl—it2:<(1) 8), (3.1.36)
we obtain .
OuVE =i M, te] Y = i(my — ma) { _%u (3.1.37)
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m SU(N¢)a : is explicitly broken by the mass matrix M # 0:

Al =5t Al =i {M,ta} v5 0. (3.1.38)

Even if all quark masses are equal, there remains a non-zero contribution proportional
to the quark mass: B
AL =2myivsteh = 2mP, . (3.1.39)

This is the PCAC relation (‘partially conserved axialvector current’): the divergence
of the axialvector current is proportional to a pseudoscalar density. This equation will
become extremely useful later. Using (3.1.36) in the two-flavor case, we obtain

O, AL = i(my + mg) wysd,
O AY = i(my, + mg) dysu, (3.1.40)

O AL = imy, uysu — img dysd,
which are the creation operators for the three pions 7+, 7~ and #°.
On the other hand, in the chiral limit where M = 0, Eq. (3.1.38) entails that the

axial currents and the corresponding axial charges are conserved:
AL =0 = Q)= /de Yiys tq 1 = const. (3.1.41)

Since the vector currents are conserved as well in that case, we have an enlarged flavor
symmetry, namely chiral symmetry: SU(Ny)y x SU(Ng)a ~ SU(Ny¢)p x SU(Ny¢)g.
Later we will see that the SU(Ny) 4 part is spontaneously broken at the quantum level;
nevertheless all relations for the currents remain valid.

Because of the spontaneous breaking of the axial part, in QCD the V/A terminology is more useful
than the L/R notation — in contrast to the electroweak theory, where left- and right-handed fermions
enter asymmetrically in the Lagrangian. Nevertheless, let us collect some relations that will become
useful later. We define the chiral projectors

1

- _ pt _ _

Pi = 5 (IL Zl:’}/s) = Pw = Pwa Z Pw - ]17 Pw Pw’ - 5ww’ PUJ ) (3142)
where chirality is denoted by the index w = + (R, right-handed) or w = — (L, left-handed). The
projectors can be used to define right- and left-handed spinors:

o =Put, do=Pu)r=20"Purp=0P., ¥=> 4. (3.1.43)

Now consider the product of infinitesimal vector and axialvector transformations:

Uy Ua =€V e =1+iey +icays+-=14i» euPu=>» U,Pu. (3.1.44)

Here we abbreviated ey, 4 = Za E,Y‘A t, and defined e+ = ey +e4 and U, = 6i5‘“7 which are all just
flavor matrices. As a consequence, the left- and right-handed spinors transform as

w[u:wa,:PwUVUAw:PwZUw’ Pw/w:waw- (3145)

w
Therefore, they transform separately under SU(Ny)r x SU(Ny)r, with independent group parameters
e® and L B B . .
Y, =Uut, L, =0,UL, U,=eZe%t  yl=u;'. (3.1.46)
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Now let us cast the currents ¢ T'¢p with T' € {y*, ¥*vs, 1, 75, 0} in the L/R notation:

ZTZP—WFP“}T/):ZEMFW» ".Fe{,y#,,ylifyi_)},

I D b - 3.1.47
w ;w ZdJPwFP‘Nﬁ :Zw*wrww -~~F€{II'775’O-MD}' ( )

This means that for the currents constructed from the Dirac matrices v and "5 only the diagonal
terms survive (LL + RR), whereas for the remaining ones only the mixed terms survive (LR + RL).
How do these transform under chiral symmetry? The diagonal ones are invariant,

DT, = P USTUstho =) PuTthu, (3.1.48)

because U,, is just a flavor matrix and U} U, = 1. The off-diagonal currents, on the other hand, are
not invariant because in U, # 1:

DU TYL =Y P TUL  Ustbo # > -wlt. (3.1.49)

As a consequence, the massless Lagrangian v i]D v is chirally invariant, whereas a mass term 1) breaks
chiral symmetry since it mixes left- and right-handed components. The Lagrangian (3.1.13) takes the
form

L= (Vuiltho —p-wMiy). (3.1.50)

From the global SU(Ny) x SU(Ny) transformations we can define 2 x (N7 —1) currents and charges,
which are only conserved in the chiral limit:

jg,w = 171407“ ta ww s Qa,w = /dgl' 1/&1 ta 1/%\; . (3.1.51)

Inserting the Dirac equations for v, and 1, their divergences for M # 0 become
8/L jg,w =1 (17)—&0 Mt, ¢w - &w ta M w—w) . (3'1'52)

The vector and axialvector currents from Eqgs. (3.1.31) and (3.1.38) and corresponding charges are
linear combinations of these, with V = R+ L and A= R — L:

Vau = &Wﬂtaw = Z&W'Yutad)w = ng,w )
- - . . 3.1.53
AL =Py s tath = > Pt Y5 tathe =gl — gk . (3.1.53)

P,—P_

m U(1),4 : is classically conserved for M = 0, but not preserved after quantization
which leads to the U(1)4 anomaly. The divergence of the axialvector singlet current
picks up an anomalous contribution whose origin and consequences we will discuss in
Sec. 4.3:

2

) ) Ny ~ v a
AP =y, 9 A" = 2 Mz + ?477)2 v Fe,. (3.1.54)




3.1 Flavor symmetries and currents 73

3.1.2 Symmetry relations at the quantum level

Current and charge algebra. The symmetry relations we have discussed so far hold
for the classical currents and charges. When we quantize the theory, the quark fields be-
come operators on the state space which satisfy the anticommutation relations (2.2.67):

{Gai(@), ¥} (1)} jo_ o = (@ — Y) as b5 ,
{wai(w)a ¢6j(y)}xo:yo = {¢Li(x)7ng(y)}x0:yo =0.

As a consequence, also the currents in Eq. (3.1.23) become operators,

(3.1.55)

Ja (%) = (@) Ttat(x), J'(x) = b(@) T (), (3.1.56)
which satisfy the equal-time commutation relations
’ 60, .
FAGR (y)]mo:yo = [z‘fabc 3 (@) + dae 5 (@) + 57 57 ()| (@ — w),
FAGENO)

with 'y = %(nyo I" £ T'49T). These relations are valid independently of whether
the currents are conserved or not. Moreover, for spacelike distances the commutators
vanish, which ensures causality from Eq. (2.2.1):

it @t @) = [ @ W] =0 for (@—y)? <. (3.1.58)

(3.1.57)
=2, (2) 8 (x — y)

0=y

The proof is straightforward. We write
[38@.3 )], = (oD)as (8 (0D )ys (B)e [Vh(@) Yoy (@) 01 ) way)] |, (3:1.59)

20=40 0=y
and use the identity
{A,C}[B,D] + [A,C]{B, D}

2
together with the anticommutation relations (3.1.55) for the quark fields. The terms with {A, C'} and
{B, D} vanish and the commutator on the r.h.s. of (3.1.59) becomes

[ ooy = 5z —y) [5&/ Sl () si(y) — das d w;k(y) ng(x)} ) (3.1.61)

20=40

[AB,CD] = A{B,C}D —C{A,D} B — (3.1.60)

Since @ = y and z° = 3° entails & = y, then in combination with the Dirac and flavor matrices the full
commutator is

@ W], =@ = 1) P@) [P0l et - Tol ) ¥(). (3.1.62)
With
_ 01 /.0
AXfBY:AJrB(XfY)nLAQB(XJrY), ri:thr (3.1.63)

and the (anti-) commutation relations (A.1.2) and (A.1.7) for the SU(N) generators

1
[tm tb} = ifabc te, {ta, tb} = ﬁ 6ab + dape te (3164)

we arrive at the result in Eq. (3.1.57). We note that for commutators involving spatial components of
the currents these relations must be taken with some caution because additional Schwinger terms
may arise on the r.h.s., which are derivatives of §—functions of the form 9; 6*(x — y).
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Some examples of (3.1.57) involving temporal current components are:

m For T', IV € {7°,7%5} we find

0 /
v L. =1",
'y = r.=0 3.1.65

+ {70,}/5'“1—*#1—1/7 ( )

which leads to the so-called ‘local current algebra’:

[Vao(x)v Vbo(y)]xozyo = i fabe Vco(x) 63(:13 - y) )
[Vao(‘r)7 Al?(y)]xozyo = Z‘fabc Ag(flf) 53(3} - y) 5 (3'1-66)
[Ag(x)7 Ag(y)]rozyo = ifabc ‘4:0(%) 53(33 - y) .

The time components V) and A? form a closed algebra since they obey equal-time
commutation relations with the structure constants of the Lie algebra, and the Dirac
d—functions additionally ensure that all commutators vanish for = # y. If we further
integrate over [ d3z and i d3y, we obtain the corresponding charge algebra:

QY. QY1 = 1Q2, Q) = ifune QY , [QY, Q4] = i fabe QF. (3.1.67)

Therefore, the charges are the generators of the symmetry group when acting on the
state space. Actually, because the SU(Ny)4 symmetry is spontaneously broken, the
axial charges are not well-defined in the chiral limit and it is more practical to work
directly with the time components of the currents.

m For I' = 1%y5 and IV = iy5 we find ', = 0, I'_ = —i and therefore
A | dab
QL Py(z)] = —i N, S(x) + dape Se(z) | (3.1.68)
f

where S(x) = 9(z)(z) is the scalar density. Its vacuum expectation value is the
scalar quark condensate which turns out to be nonzero due to spontaneous chiral sym-
metry breaking, and later we will use this relation for proving Goldstone’s theorem and
deriving the Gell-Mann-Oakes-Renner relation.

m Using the relation [AB,C] = A{B,C} — {A,C} B, we can similarly obtain the
commutation relations of the currents with the quark fields,

[jg(x)v¢(y)] 20=y0 = _(ta WOFWJ«")) 53(:3 - y)7

_ _ 3.1.69
[]£($),¢(y)] 20=y0 = (¢($) FVO ta) 53(:13 - y) ) ( )
for example for the vector currents (T' = ~°):
VO Z), 0_,0 — —ta € (53 - )
V@), 60)] o_yp = —ta () 8¥(x — ) .

[Vao(x)a &(y)]xozyo = @(1') ta 53(:’: —y).
Integrating over [ d®z, we get the commutation relations of the charges with the fields:

[Qa (x0), ()] = ~ta¥i(z),  [Qq (z0),%()] = P(2)ta. (3.1.71)
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2 é“QpQ;Q”

F1G. 3.1: Generic form of a Ward-Takahashi identity from Eq. (3.1.74).

Ward-Takahashi identities. Ultimately we would like to turn the classical symmetry
relations into identities for the correlation functions of the QFT. These are the Ward-
Takahashi identities (WTIs), which relate the n—point and (n+1)—point functions
of the theory with each other. They are usually derived in the path-integral approach
(and we will come back to this below), but it is somewhat more transparent to work
them out using canonical quantization.

Consider two generic field operators j#(z), ¢(y) at different spacetime points. The
divergence of their time-ordered product with respect to x (with 0, = 9/9z*) is

O (T (@) e(y)) = 05 [0(2° — °) j*(x) o(y) + O()° — 2°) ¢(y) j*(x)]

The first term comes from the derivative of j#(x) (simply resum the time orderings)
and the second one results from differentiating the step functions:

9, 0(z° — %) = —0, O(y° — 2°) = 5(2° — ¢°) o, - (3.1.73)

Eq. (3.1.72) is quite general and retains its structure for products of n different fields
(which can also be fermionic). In the general case one has to write down all possible time
orderings; the time-ordering of n + 1 distinct space-time points leads to (n + 1)! terms,
each of which includes products of n step functions. If fermion fields are involved, the
individual time-ordered terms pick up minus signs arising from the anticommutativity.
In either case, the final result is the same:

O (Ti"@) pi(21) - on(zn)) =T (05" (x)) w1(x1) - . - @n(wn)
376" — o) Ton(en) .. [10@), o] . oulan). (3174
k=1

If we take its vacuum expectation value (0| ... |0), it relates the (n+1)—point function,
where one leg corresponds to the external current, to the n—point functions since the
commutators in the second row are proportional to the fields, cf. Eq. (3.1.69). This
is the generic form of a Ward-Takahashi identity and illustrated in Fig. 3.1. Current
conservation (or its absence) only enters in the first term on the r.h.s., which vanishes
if the current is conserved.
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q
S — P1 |2
a - B
p " 8

Fia. 3.2: Quark propagator and three-point function in Egs. (3.1.75) and (3.1.76).

Let us apply this result to QCD. The quark propagator is the two-point function

Sag(l’l,l’g) = (0‘ Tlﬂa(l’l) 1%5(%2) ‘0> . (3175)

How the quark couples to a vector, axialvector, scalar or pseudoscalar current (e.g.
photons, Z—bosons, pions, ...) is encoded in the three-point function (see Fig. 3.2)

Guap(®,1,22) = (O[T jg () Ya(@1) P5(22) 0) | (3.1.76)

with j5 € {V#, A* S, P}. This is the full three-point function, which is the same as
the 1PI vertex with external quark propagators attached (i.e., to obtain the vertex,
multiply with inverse quark propagators from the left and right).

m The quark-vector vertex describes the coupling of the quark to a vector current.
An example is the quark-photon vertex, which is the fundamental quantity that appears
whenever a quark inside a hadron interacts with a photon.

m The quark-axialvector vertex encodes its coupling to an axialvector current
(e.g., the W- and Z-boson interactions with quarks are linear combinations of vector
and axialvector vertices).

In the vector and axialvector cases, the two- and three-point functions above are
related by a WTI which follows from Eq. (3.1.74):
0y, GM(z, 21, 22) = (0] T (9 " () W(21) P(22) |0)
+0(a" - a:?)<0| T [1%(x), v )} V(a2)[0) (3.1.77)
+5(x —:Ug (0] TY(x1) [jo P(x2 ]|0)
If we insert the respective commutator (3.1.69) for each type of current, we reproduce
the quark propagator together with a flavor generator and a §—function. Employing
vector current conservation 8, V/' = 0 and the PCAC relation 9, A% = 2mP, (for equal
quark masses), we obtain the vector and axialvector WTIs:
dy Gy (21, 09) = —0Mx — x1) ty S(x1, x2) 4+ 6 (x — 22) S(21,T2) ta, (3.1.78)
Iy Gy (x, 21, w2) = 2m Gp(x, 21, 2)
— Mz — 21) Y5 te S(x1, x2) — 6 (& — x2) S(x1,22) tays.  (3.1.79)

The quark propagator is a diagonal matrix in flavor space but with different entries for
different flavors, so it does not necessarily commute with all flavor generators t,.
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These relations become more transparent in momentum space, where the derivative
with respect to x becomes a contraction with the momentum ¢ = p; — ps:

iqu G4 (p1,p2) = S(p1) ta — ta S(p2), (3.1.80)
iqu G'y(p1,p2) = 2m G p(p1,p2) — S(P1) ta¥s — V5 ta S(p2) - (3.1.81)

In other words, the effect of classical symmetries in the QFT is that they constrain the
longitudinal (better: non-transverse) parts of (n+ 1)-point functions with respect to g*
from the corresponding n-point functions. The vector WTT can be solved to obtain the
most general form of the vertex that is compatible with vector current conservation,
apart from further transverse terms with respect to the momentum ¢* (more below).
The axialvector WTI relates the longitudinal part of the axialvector vertex with the
pseudoscalar vertex and the quark propagator. Here we considered only the flavor-octet
axial current A%; in the flavor-singlet channel we would have an additional term from
the axial anomaly. Similar relations can be derived for higher n-point functions.

To work out the Fourier transforms, note that n-point correlation functions only depend on n — 1
spacetime coordinates due to translation invariance: G(x1,...z,) = G(z1—X, ...z, —X). For example,
for a two-point function S(x1,x2) we can define total and relative coordinates by

m1:X—i—E7 9132:X—E & X:x1+x27 z=x1—x2. (3.1.82)
2 2 2
From the behavior of the field operators under translations, Egs. (2.2.10-2.2.11), we find
S(@1,22) = (0| TH(X + 3) ¢(X — 5)10) = (0| T d(5) ¢(—35) [0) = 5(2) - (3.1.83)

Then the Fourier transform becomes
/d4x1/d4m2 e (P1E1=P2m2) G0 o) = /d4X/d4zei(PX+pz) S(z) = (2m)* 6*(P) S(p), (3.1.84)

where P = p1 — p2, p = (p1 + p2)/2 and the §—function ensures P = 0, p1 = p2 = p so that

S() = [ T SE). S = [ = se). (3.1.85)

For a three-point function G(z,z1,z2) we add the coordinate x = X — y to (3.1.82). Translation
invariance implies

G(z,z1,22) = (0| To(—y) #(5) ¢(—35) |0) = G(y, 2) (3.1.86)
and the Fourier transform becomes
/d4z/d4z1/d4m2 gHP1e1—r2e2—q2) G(z,z1,22) = /d4X/d4z/d4yei<PX+pz+qy) Gy, 2)
= (2m)* 6" (P)G(p,q),

where P = p1 —p2—q, the average momentum is p = (p1+p2)/2, and the d—function ensures ¢ = p1 —pa.
In the same way we can work out

GH(z, 1, x2) G"(p1,p2)
/d4:m /d4x2/d4x Gitprz1—pawa—qz) | Ou G¥(, 21, 22) — (2m)* o4 (p) | 1 G*(p1, p2)

8 (x — 1) S(x1, 22) S(p2)

M (x — x2) S(w1, 22) S(p1)

to arrive at Eq. (3.1.80). Note that we use the notation G(p1,p2) and G(p, q) interchangeably to keep
things transparent, and we employ the same symbol for G(y, z) in coordinate space, but this does not
mean that G is the same function of the arguments.
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Let us rewrite the vector WTT (3.1.80) for the vector vertex I'},(p1,p2) defined by

Gy (p1,p2) = S(p1) Ty (p1, p2) S(p2) - (3.1.87)

If we multiply with S(p;)~! from the left and S(p2)~! from the right and denote
p1=p+q/2, p2 =p— q/2, the WTI becomes

G (pq) =iS(p+ )~ —iS(p- )7, (3.1.88)

where we dropped the flavor matrices for simplicity. Inserting the decomposition (2.3.11)
for the quark propagator, we obtain

0 T"(p,q) = A(P?) (p, — M(p1)) — A(p3) (P, — M (p3))
= (A0 - Ap) p+ AETAR) (53~ BGy) (3189
=Sad+2p-q(Aap—Ap).
Here we defined B(p?) = A(p?) M(p?) and the average and difference quotient

5, — Ad) + Ap3) A, = AWD =AW _ AW - Ap) (3.1.90)
2 7 P —p} 2p-q

which are regular for ¢* — 0, and likewise for Ap. As a result, we can split off the
momentum ¢* and read off the Ball-Chiu vertex

Ihe(p,q) = Tan" +2p" (Aap— Ap). (3.1.91)

For a tree-level vertex with the replacements A(p?) — Z, and M(p?) — mp, this
expression becomes I'y — Zy y* as expected.

Instead of the singlet and octet currents V# and VJ', we could also consider linear
combinations of them such as the electromagnetic current, which couples to the
quarks through the quark charge matrix Q, e.g. for three flavors:

qu 0 0

tg — 1
Q=[0¢g 0 |=ts+—~ = VE@=90"Qu=V{+-"V (3192
0 0 gs V3 Ve

The corresponding vertex is the quark-photon vertex, which satisfies the same WTI
(3.1.80) if we replace t, — Q and thus has the same form as above. In other words, once
we know the quark propagator, we already know a great deal about the quark-photon
vertex from symmetries alone. The full vertex can be written as I'* = F’éc + I'}. with
¢, T = 0, where the transverse part is not constrained and carries the dynamics such
as the vector-meson poles (more in Sec. 3.1.3).

Here one can also see that it is actually not the longitudinal part that is constrained by the WTI,
because if we had split the vertex into I'"* = ¢" I', + '}, with ¢, I'), = 0, we would have obtained

114 -l .a —1 1
I‘L:?[zé(p+é) —iS(p—9) ]:q—Q[ZAg+2p-q(AAp7AB)], (3.1.93)
which is singular for ¢" — 0 (and violates the Ward identity T'*(p,0) =i dS(p)~'/dp, which follows

from Eq. (3.1.88)). One can systematically work out the WTI constraints for n-point functions by
constructing ‘minimal’ tensor bases that are free of kinematic singularities and constraints.
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WTIs from the path integral. As already mentioned around Eq. (2.2.113), WTIs
can also be derived in the path integral formalism. This is relatively straightforward
to do for the Abelian local U(1) gauge invariance in QED. The partition function in
QED has the same form as in QCD,

Z[J,0,m) = /D[A,@b,w] ¢i(S1A ¥, 91+ SaxlAl+SclAp. 1) (3.1.94)

except there are no ghosts because the Faddeev-Popov determinant is independent of
the photon field A* and can be pulled out of the path integral. The resulting gauge-
fixing and source terms read

1 _
Sar + Sc = / d'z [25 AP0, AY — T, AP — i — | (3.1.95)

If we keep the sources fixed, then a gauge transformation is just a relabeling of fields
under the integral and leaves the generating functional invariant. Since the QED action
is gauge invariant, and assuming that the integral measure remains invariant as well,
this only affects the gauge-fixing and source terms:

Z[J,n,n] = / DA Dy Dy ot (STA W | +Sar[A']+Sc A W' ')
= /DA Dy DY o1 (SIAY U] +Sar[Al+Sc[Aw]) Li(6Ser+dSc) (3.1.96)
= Z[Jaﬁvn] <ei(§SGF+6SC)> = <6SGF +5SC>J =0.

J

Inserting the infinitesimal gauge transformations (2.1.37) in the Abelian case,
_ - 1
oY =i, 0 =—ipe, 0A, = gf)us, (3.1.97)
and taking partial integrations to factor out e(x), we obtain
4 1 1 = _
(0Sgr +0Sc )y = | d'xe(x) ;3,1 J“—EDA“ +i(yn—ny)) =0. (3.1.98)

J

Since ¢(x) is arbitrary, the integrand must vanish too. At this point there is also no
longer a need to distinguish the classical fields from the averaged fields in the notation
(¢ versus ¢ in Eqgs. (2.2.44) and (2.2.55)), so we simply write (A*); = A*, (1)) =
and (¢)y = ¢

Oy (J“—imA“) +ig (Y¥n—1v) =0. (3.1.99)

With the effective action I'[A, 1,9 ] = W[J,#,n] + Sc we can use (2.2.44) to trans-
form this relation into a generating W'TT for connected n-point functions by writing

SW — oW W
r—— _ oW -7 1.1
57, ¥ 5 (8 57 (3.1.100)
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Here we took into account the Grassmann nature of the sources 1 and 7, i.e., 17 has to
be permuted to the derivative operator which gives a minus sign. If we take further
derivatives with respect to 77 and n, we arrive at the W'TT for the connected three-point
function. Alternatively, we can use (2.2.45) and convert the equation into a generating
WTI for 1PI n-point functions by writing

or or or

gp= g 0 3.1.101
A, T e T (3.1.100)
In this case Eq. (3.1.99) becomes
or 1 — o' 4T
O Tk ; O L% )=
8“(514“ £DA>+zg<w5¢+(w > 0. (3.1.102)

Taking two further derivatives with respect to ¥ and 1 and setting all fields to zero
yields the W'TT for the 1PI fermion-photon vertex:

1 T = 1070 Yo —x1) — 02—
" (9 5¢<x1>5¢(w2>5Au<x>> = Solen suay) 1 @)~ @ a)] - (3:1.108)

This is identical to Eq. (3.1.88) and says that the divergence of the vertex equals the dif-
ference of the inverse quark propagators. We can also take a derivative of Eq. (3.1.102)
with respect to A*, which yields the WTI for the inverse photon propagator:

52T 1,

In momentum space, this entails that the longitudinal part of the propagator remains
undressed, which proves our statement below Eq. (2.3.14) in the Abelian theory:

gu(D™H" (q) = ig® (f; : (3.1.105)

In principle one can derive WTIs also for non-Abelian local gauge symmetries, but they be-
come very cumbersome and it is more convenient to use BRST invariance to obtain relations of the
form (2.2.114). The quickest way to generate the Slavnov-Taylor identities is to apply the BRST
transformation directly to the correlation functions, which must also be BRST-invariant since already
the QCD action including the gauge-fixing terms is BRST-invariant. As an example, we derive the
QCD version of Eq. (3.1.105) by starting from the BRST transformations in Eq. (2.2.109),

_ _ M
oY =icy, OYp=—ibc, 6Ag:1D¢/zlbcb7 6Ca,:_%fabccbcc, 6Ea:_&:%
g 9 173
where we inserted the equations of motion f,[A] + B, = 0 for B,. Now consider the quantity
0 . _ 1 _ 1 . v
i O Aa(@) a(y))r = J (OuDae ce(@) en(y)) s + 7 9 0y (Aa () Ay (y)) - (3.1.106)

For vanishing sources the lLh.s. is zero. In momentum space, the second term on the right is the
contraction of the gluon propagator with g,q.. For the first term we insert the DSE for the ghost
propagator obtained from Eq. (2.2.40):

oS . _ )
—— & (y) ) = (0 Dhic ce(w) @ (y)) = i6" (x — y) Sap - (3.1.107)
0¢q(x)
Thus, in momentum space we arrive at g.q, D'} (q) = —i§ dqp, which states that the longitudinal part

of the gluon propagator remains undressed also with interactions.
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Now what if we are instead interested in global flavor symmetries? Let us first
check QED with a global U(1) symmetry instead of a local one. In that case 0A* = 0
since ¢ is a constant, and we can no longer eliminate the integral in Eq. (3.1.98) but
get instead:

<5SGF+5SC)J:i€/d4:c (vn—nv),=0. (3.1.108)

This equation is correct but not very useful: In the context of Eq. (3.1.88) it only tells
us that the integrated equation vanishes — or in momentum space, that the difference
of propagators on the right-hand side vanishes if their momenta are equal (¢* = 0).

We can cure the problem by tricking the path integral into believing that it deals
with a local symmetry instead of a global one. Suppose we start from the free quark
Lagrangian in Eq. (3.1.13) without the quark-gluon vertex, which it is not relevant for
the discussion:

L=4@)—m)y,  Z[n] =/D[w,¢]ei(5[w’¢]+50) (3.1.109)

with source terms S = — [d*z (¢ +71)). The action S[¢, 9] is invariant under the
global SU(Ny)y x U(1)y symmetry. We consider U(1)y for simplicity, whose flavor-
singlet current V# = 1) y*1) is conserved. The idea is to add more source terms to
the action and define appropriate gauge transformations for the source fields, so that
the total action including all sources becomes locally gauge invariant with respect to
U(1)y. This means we need a covariant derivative; from Eq. (3.1.109) we only need to

add a term 1) By = V - B to establish local U(1) gauge invariance:
Z[B,n,n) = /D[w,w] (Sl P4V B+Sa), (3.1.110)

Here, B plays the role of the gauge field but it is a ‘background field’ since it does not
appear in the path integral measure and thus does not change the content of the QFT.
From Eq. (2.1.37) we have §B,, = d,¢ because we are dealing with an Abelian gauge
symmetry (we set the irrelevant new coupling to 1). As a result, the sum S[v, ¥ ]+V-B
is locally gauge invariant. Finally, we also make S¢ gauge invariant in itself by imposing
appropriate gauge transformations dn = ie n and §7) = —ie 7} for the source fields.

Now start from Z[ B,n, 7| and perform a gauge transformation to primed quantities
{4/ 4!, B',n','}. The total action is gauge-invariant and the path integral measure as
well, so that also the partition function is invariant: Z[B,n,7] = Z[B',n',7']. Next,
relabel the fields 1) and v back to unprimed quantities and work out the transformation
of B, n and 7 only:

/d“x(V 6B — 60— 60 ),
—/d4x [(VH) s e — i (D)1 — 71 () 1)] (3.1.111)
== [t e@) [, + i (@han -0 {w))] =0.
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Once again, because () is arbitrary, we arrive at

(V) s+ ((P)an =1 (¥)s) =0. (3.1.112)
In order to arrive at Eq. (3.1.78) including connected Green functions, replace

ow — ow ow

VY, — ’ = = —— 3.1.113
(V) 3B, () 57 () 57 ( )
and perform a partial integration. Since €(x) is again arbitrary one can remove the
integral, and the resulting master WTI becomes

SW <6W 5W>. (3.1.114)

Oy ——=1| — —

w58, \ o T
It has the same form as in our first attempt (3.1.108) except that now we have a new
correlation function 6W/6B that incorporates the current. The vector WTI (3.1.78)
follows from applying two further derivatives with respect to n and 7 and setting the
sources to zero.

Renormalization of currents. So far we have only dealt with bare currents that we
derived from the bare Lagrangian (3.1.13). However, if we included renormalization
constants for the vector and axialvector currents, the current-algebra relations (3.1.66)
would fix both of them to Z? = Z = 1. Hence, these currents stay unrenormalized,
which entails

VE =W Y)g = Zo (W ) = V',

B (o] A _ ) _AM (31115)
A = (W' 59)B = Z2 (VY s 9)r = AR -

On the other hand, those relations do not give us closed equations for the scalar and
pseudoscalar densities. In that case we can exploit the fact that their divergences are
proportional to the quark masses, e.g., from the PCAC relation:

1
0uAl = 2mP)s = (2mP)g = 0,4 = Ps= - P (3.1.116)
and consequently
- _ 1
Py =) = 2o (Ps)r = — Pr. (3.1.117)

The same result follows for the scalar density. In summary, the renormalized currents
are (we drop the label 'R’):

Vi = ZZ’(Z’W%/}’ P = ZQZm 1}7517/}’

- " (3.1.118)
Al = Zypytys 1, S =29 Zm .
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3.1.3 Extracting hadrons from QCD

We have not yet talked about how we can actually extract hadron properties from
QCD. How would you calculate the mass of a hadron in a QFT? In quantum mechanics
the answer is clear: define a potential V' and solve the Schrodinger equation Hy = E1p
to obtain the energy spectrum of the system. Once you know the wave function v, you
can calculate matrix elements for observables. But what becomes of the Schrodinger
equation in QFT? Earlier we argued that the well-defined objects in a QFT are the
correlation functions and that they encode the full content of the theory. Therefore,
they should also carry any possible information on hadrons. But how can we extract
that information?

We already mentioned in Sec. 2.2.1 that hadrons are contained in the state space
of QCD: |x), |N), ... are one-particle states with a well-defined mass, momentum p
and other quantum numbers that reflect the symmetries of QCD (angular momentum,
parity, flavor, etc.). As a consequence, they enter in the completeness relation

3
1:2@/%\»@\, (3.1.119)

A

where the Lorentz-invariant integral weight implements the condition that each hadron
is on its mass shell (p? = m?\ or Eg =p’ + mi) One should keep in mind that the
state space of QCD is enormous: it can contain (unphysical) colored states, colorless
‘one-particle’ bound states like mesons and baryons but also glueballs, multiquark and
multi-hadron states — also the C' nucleus should be somewhere buried in it.

Hadrons generate poles. In principle, the extraction of hadron properties from
QCD is based on the spectral representation (2.2.7), which is also closely related
to the experimental situation. When we derive it for a two-point function, it tells us
that the onshell states in the completeness relation produce poles in the propagator
at p? = mi, where m) is the physical mass of the state, and the multiparticle states
produce cuts which start at p? = 4m§\ and extend to infinity. Unfortunately this does
not quite work out in QCD: when we insert the completeness relation into a quark or
gluon two-point function, a colored quark cannot create a colorless hadron. In other
words, quark and gluon propagators cannot produce physical hadron poles.

Fortunately, the spectral representation is not limited to two-point functions. In
general one can show that for a given correlation function

Gty ..ar) = (0 Td(@1) ... dlaa) S(yn) - - - $(yy) [0) (3.1.120)

each one-particle state |A(p)) with onshell momentum p? = m3 produces a pole, where
the correlation function factorizes at the pole:

d! e ({a},p) O ({y;),
G(x1,...mp) = /(27:;4 e Pz ({p2}_p2n§ —E{Z:Z } P)

+ finite | . (3.1.121)

This is true as long as the residues ¥ ({z;},p) at the poles are nonzero. These residues
are the transition elements between the vacuum and the onshell hadron and they are
called Bethe-Salpeter wave functions (BSWFs).
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The proof goes as follows. We start from a general (n 4 r)-point function

Gar,...yr) = (0] T d(@1) .. 6(xa) b(31) - 6y [0). (3.1.122)

Because we want to insert the completeness relation, we are only interested in the time orderings where
all 20 > y;). We can separate this contribution by writing

Gl@r,. . yr) = Ouy (T {B(x1) . $(@)} T{B(w1) - - by }10) + (.-.), (3.1.123)

where O,y := 6 (min(z?,...20) — max(y?,...y))) and (...) contains the remaining time orderings.

Inserting the completeness relation, this becomes

1 3k
G(z1,...yr) = Z @ /E Ouy (0| TO(21) ... O(xn) [N N Td(y1) ... 0(yr)[0) +(...), (3.1.124)

where |A) is an onshell state with momentum k and energy E\ = \/k? + m3.

For the correlation functions of the theory, which are vacuum-to-vacuum transition matrix elements,
translation invariance entails that they do not depend on the total coordinate (see Eq. (3.1.83)).
For a vacuum-to-hadron amplitude, the behavior of the field operators and one-particle states under
translations U(1, a),

U(l,a)da(@)U(L,a)"" = da(e+a), ULa)Ap)=e""Ap), U(La)[0)=[0) (3.1.125)

entails that the dependence on the total coordinate can only enter through a phase. That is, if we
write z; = X + 2, and y; = Y + ¥., we can factor out the dependence on X and Y:

O T ¢(z1) - plan) |N) = (0] TUQ, X) ¢(z1) UL, X) " ... UL, X) ¢(23,) UL, X)H A
= (0] To(zh) ... p(an) [N e ™™ =0 ({ai}, k) e, (3.1.126)

where the Bethe-Salpeter wave function \I’({xl}, k) only depends on n — 1 coordinates and no longer
on X. (For example, if we set X = x; it only depends on 5 ...x,.) Likewise,

AT o) -0 10) = N To(u1) - 6(ur) [0) ™ = W' ({y;}, k) ™. (3.1.127)
Denoting z = X — Y, we also have
min(z?, ... 2%) —max(y},...y0) = X°—Y?° +min(x/10, e x%o) —max(yllo7 e y;o) =: 2"+ A (3.1.128)

and the full correlation function becomes

G(z1,...y,) = ; (271r)3 % 0(=° + A) e ™ U ({w}, k) U ({1, k) + (). (3.1.129)

Now we use the following representation of the step function:

T dw 1 ;
0(x) = e —iwz 3.1.130
() 27 w + i€ ¢ ( )
and take the Fourier transform with respect to z:
- r s [ PR o s —its
d4 iz oy ) = d ? TwA /d4 i(p—k)z twz
/ ze (z1,..-yr) Z/ W ee 2B, @n)i ze e

A (3.1.131)

53 (p—k) 6(p°—E\—w)
x U ({zi}, k) U ({y;},k) +(...).
When integrating over d°k, the §—function sets k = p and thus E\ = /p? + m3, so we arrive at

. —i(p°—Ey\)A
4 ipz 7 e +
) =D : Uz p) U ({yhp) + (). (3.1.1
/d zeP*G(z1,. .. yr) 2 0 i 2E, ({x}p) ({yj} ) (...) (3.1.132)
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Furthermore, we can write

i e*i(PU*EA)A _ i(p()+E>\) e*i(PO*Ex)A i

po— Ex+ie 2B\  p2—E2+4ie 2B\ p?—m3 tic’

(3.1.133)

where we approximated po &~ E» in the vicinity of the pole. Thus we arrive at the final result

1’2‘””?\ Z\Ij({‘Ll}zp) \I/T ({yj}ap)
p? —m3 +ie

/d4z e G(x1,. .. yr) . (3.1.134)

Note that n and r can be different, which means we can squeeze in the completeness relation at
any position in a matrix element (0| T ¢(z1) ¢(z2) ...|0). As long as the BSWFs on both sides are
non-zero so that there is a non-vanishing overlap with the onshell state |\), this will produce a pole at
p? = m3 in the form of a Feynman propagator.

Applied to QCD, this means that even though hadrons are color singlets and cannot
produce poles in elementary two-point functions, they still generate poles in higher
n—point functions, e.g. the quark-antiquark four-point function in Fig. 3.3:

Gagys(1, 22, 23, 74) = (0T Yo (21) ha(22) ¥y (23) P5(24)]0) . (3.1.135)

Inserting a complete set of states will produce meson poles because a composite operator
Y1) can produce color singlet quantum numbers (3 ® 3 = 1@ 8). In fact, the four-
point function encodes the complete meson spectrum that is compatible with the flavor
quantum numbers of the quarks. The corresponding BSWF of a meson reads

(0] TYa(x1) 1}5($2) I\, a) = (0] Td;a(%) ;bﬁ (7%) A, a) o ipT

—ip-x

) (3.1.136)
= \Ija,@(zap) € )

where we set the total coordinate as x = (z1+22)/2 and the relative one by z = x1 —x2,
so that 1 =  + § and 2 = z — 5. Since the flavor quantum numbers of mesons are
related to the SU(Ny) generators t,, we attached a flavor index a. Likewise, we would
find baryon poles in the analogous quark six-point function and we could write down
the analogous BSWF with three quark fields.

The BSWF's are not truly ‘wave functions’ in the quantum-mechanical sense since
they transform under finite-dimensional, non-unitary representations of the Lorentz
group and thus one cannot directly extract probability information from them. De-
pending on the total angular momentum J of the onshell hadron |)), after splitting off

1

polarization vectors (for J = 1 states), Dirac spinors (for J = 3 states) etc., they can

be expanded in tensor bases just like the correlation functions in Eq. (2.3.7):

N
v ({aidp) = Y fildd, &, a1 py 07 = m3) m({aid,p) (3.1.137)
i=1
For example, Lorentz covariance and parity invariance settle the general structure of
the BSWF for a pseudoscalar meson in momentum space:

Vas(a,p) = vs (fr + fap + f3d + falds PDag ta- (3.1.138)

Here p is the total momentum of the meson and ¢ the relative momentum between
the quark and antiquark. The fi(q?,q - p,p? = m%\) are the Lorentz-invariant dressing
functions which depend on all invariant momentum variables, and they contain the

information about the meson in question.
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X2 X3 X2
pZ mlz
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Fia. 3.3: Quark four-point function (3.1.135) and its separability at a particular meson pole
according to Eq. (3.1.121). The dashed line is the Feynman propagator.

Current correlators. So how do we compute a hadron mass in practice? It appears
that in order to extract the mass of a meson, we need to calculate the four-point
function in Eq. (3.1.135) (or any other n-point function that creates meson poles) in
some nonperturbative way and look for the poles in this quantity. While this is true
in principle, it would also be a rather cumbersome endeavor: four-point functions are
complicated objects, and moreover the ones above are not gauge-invariant since they
contain quark fields with uncontracted color indices.

The advantage of Eq. (3.1.121) is that it is completely general and applies to any cor-
relation function that has a non-vanishing overlap with the state |\), in particular also
those with composite operators. This is where the currents we defined in Eq. (3.1.23)
become useful: Instead of working with the four-point function directly, we can simplify
the problem by setting 1 = x2 = x and x3 = x4 = y and contracting the quark pairs
with Dirac and flavor matrices t, I'g, and Fgw tp, where I € {v#, y#~s5, 1, iv5, ... }. In
this way we obtain current correlators

(ta)ji Dpa Ty (t)ik (01T Yai () ¥ () Yk (y) 1 ()10)
= (0T {¢(2) Ttav(2)} {(y) Tty %(y) } |0) (3.1.139)
= (0T j& () 45 (y)0),

which are visualized in the upper panel in Fig. 3.4 and have the form
(O[T Po(z)Py(»)[0),  (OIT V() Vi’ (9)|0),  (OIT AG(z) Ay(y)[0), ete.  (3.1.140)

These are again two-point functions and can be viewed as effective meson propagators
since they contain the composite fields P,, V', A%, etc. This is also a convenient way
to filter the overwhelming information from the state space, because poles will only
emerge from those states that coincide with the quantum numbers of the currents: a
PP correlator produces pseudoscalar-meson poles, a V'V correlator vector-meson poles
and so on. Another advantage is that, in contrast to the four-point function with
elementary quark field operators, the current correlators are also gauge-invariant since
they contain gauge-invariant, local products of quark fields.

The pole residues of the current correlators are the BSWFs for x1 = zo = z, i.e.,
z = 0 (which in momentum space means integration over the relative momentum), and
contracted with the Dirac-flavor structures (i.e., taking Dirac and flavor traces):

_ (ta)ji Fﬂa <0| Twm'(l') iﬁj (ZL‘) |)\7 b> = —T¥r {ta T \I/b(o,p)} e_ip.a;

| (3.1.141)
= (0| 55 () [A, B) = (0] 5L (0) |\, b) e~ .
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Fia. 3.4: Current correlators from Eq. (3.1.140) and three-point functions from (3.1.146).
The symbol ® represents the Dirac-flavor matrix I't,.

This is the vacuum-to-hadron transition element of the corresponding current. Take for
example I' = ~v#~5 and i7v5, which produce axialvector and pseudoscalar currents, re-
spectively. This restricts |\, a) to pseudoscalar and axialvector mesons (for the moment
we consider pseudoscalars only):

(0] A () |\, b) = Sqp ip" fr e T (0] Py(x) [\, b) = dap7p e P, (3.1.142)

The first quantity encodes the transition from a pseudoscalar meson to an axialvector
current. By translation invariance the dependence on x goes into the phase, and the
remainder is a Lorentz vector which can only depend on the onshell momentum p#
with p? = m?\, so the only possible tensor is p*. Since we also take the flavor trace of
two generators, the only structure in flavor space is ~ dg4p, cf. (A.1.6). The remaining
constant fy is the electroweak decay constant of the pseudoscalar meson: For
example, the pion (A = 7) decays weakly into leptons (7t — W — u* 4 v,), so this
defines the pion’s electroweak decay constant f,. The analogue r) for the pseudoscalar
density is not directly measurable but will be useful in the following.

From here we can immediately derive a very useful relation. If we apply the PCAC
relation (3.1.39) for equal quark masses, 9, A% (z) = 2mP,(x), we obtain

frmi =2mry, (3.1.143)

which is valid for all flavor non-singlet pseudoscalar mesons (in the singlet case there
would be an additional term from the anomaly.) For example, it relates the pion decay
constant and pion mass with the pseudoscalar transition matrix element r,. If we go to
the chiral limit and set m = 0, then the equation tells us that either the pion mass m, or
its decay constant f; must vanish. This already resembles the Gell-Mann-Oakes-Renner
(GMOR) relation, but so far we know nothing about spontaneous chiral symmetry
breaking! The essence of the Goldstone theorem, which we will prove in Sec. 4.2, is
that the pion decay constant f; does mot vanish in the chiral limit as a consequence
of spontaneous chiral symmetry breaking, and thus the pion must be massless. Vice
versa, the decay constants of excited pions (m) # 0) must vanish.
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F1a. 3.5: Current correlator in terms of the quark propagator and corresponding vertex.

Since the current correlators are two-point functions, we can derive the spectral
representation like in Eq. (2.2.15), e.g. for the pseudoscalar correlator (z = = — y),

(O[T Pu(x) Po(y)[0) = O(=") (0] Pa(x) Po(y) [0) + ©(=2°) (0] Py(y) Palx) [0)
d*p O(2°) e”P* + ©(—20) eP?
=2 [/ 2 ] i (31149
B . d4p —ipz ﬂ
_;DF(Z,mA)Ti(sab_/(Qﬂ_)4e ;zo?_;z%\—l—is’

or also mixed correlators:

3 ZO e*ipz _ —ZO eipz
(0T A%(z) Py(y)]0) = [ / ;lEp o) (%)?( ) }ip“fm Oab
A

d'p  _ P fara dab
— D 5, ipz N _E JATACab
ﬁzuz F (210 AT dab = /(27r) Zp —m3 +ie’

The sum over A only goes over states which have an overlap with the pseudoscalar
density, i.e., the pseudoscalar mesons, and in principle we should generalize the formulas
to spectral densities which include the multiparticle contributions.

Since the result (3.1.121) is general, it also applies to three-point functions such as
the ones in Eq. (3.1.76):

(3.1.145)

Gl (.01, w2) = (O[T 55 (2) tha (1) 3 (2)[0) (3.1.146)

This is just the four-point function contracted on one side only, as shown in Fig. 3.4.
On the other hand, it is the vertex with quark propagators attached, e.g. in the
vector case: G, (p1,p2) = S(p1) ' (p1,p2) S(p2). This means that the vertex must also
contain meson poles, but since its non-transverse part is fixed by the WTI these poles
can only appear in the transverse part. Hence the quark-photon vertex must have
transverse vector-meson poles, which is the origin of ‘vector-meson dominance’:
when a photon couples to a quark, it fluctuates into p, w, ... mesons.

With the same reasoning we can write the current correlator as in Fig. 3.5, since it
is identical to the quark loop diagram with dressed quark propagators and the corre-
sponding vertex. The V'V correlator is also called hadronic vacuum polarization
because it encodes the QCD contributions to the photon propagator. This quantity is
experimentally accessible in the process ete™ — hadrons, and it is the biggest QCD
contribution to the anomalous magnetic moment of the muon where the current Stan-
dard Model prediction deviates from experiment by 3...40.
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Finally, one can make repeated use of Eq. (3.1.121) also for higher n-point functions.
An example is the quantity

(OIT Ya (1) hp(w2) ji () ¥y (23) Ps(2a) |0) (3.1.147)

where one can insert the completeness relation both to the left and the right of the
current operator to produce BSWFs on either side. As a consequence, at the double
pole location this becomes

i ({ai},p)
p2

i 15 ({q}. )

(A alji (0) [N, b) e (3.1.148)

—m3 +ie —m3, +ie

The residue (A, a| 5L (0) |\, b) defines a hadron’s current matrix element, such as for
example the electromagnetic current matrix element (7|Véy, (0)|7) which describes the
coupling of the photon to a pion. The analogous n-point function for baryons contains
(N|V&n(0)|N) which describes the electromagnetic coupling to the nucleon. The tensor
decompositions of these matrix elements in analogy to Eq. (3.1.137) encode the various
measurable form factors of hadrons: electromagnetic, axial, pseudoscalar, scalar form
factors, etc., and we will return to them in Sec. 4.5.

Lattice QCD. Current correlators are frequently used in lattice QCD to compute
the hadron spectrum. From the general formula (2.2.24) that relates a correlation
function with the path integral, a current correlator can be calculated from

D¢ e () fa(y)

Gz —y) = (0T ji(z) ja(y) [0) = D sl : (3.1.149)
We can write a generic Eucliden correlator in momentum space as
Ry
G =) 53> 3.1.150

where p% =p>+p2, E>2\ = p? +m§\, and as usual the sum over A is formal but suppose it
contains one or a few isolated bound state poles at p% = —m?\. When we take a Fourier
transform to z4 > 0, then a pole in momentum space shows up as an exponential decay
in Euclidean time:

dpy e'Pi* e
A A

At large Euclidean times the mass mg of the ground state will dominate the sum, so
one can extract mo from

1
— lim — InGg(z4,p=0)=my. (3.1.152)

Z4—>00 2,’4

The discretization of spacetime in lattice QCD and the restriction to a finite volume
comes with a number of technical subtleties. For example, in a finite volume the
multiparticle continuum turns into a series of discrete poles in p% (scattering states),
which means that the energy levels computed on the lattice are not directly related
to the masses of unstable hadrons above open thresholds. The formalism that allows
one to relate the energy levels in a finite box to the pole positions of resonances in the
complex plane is called the Luescher method.
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F1G. 3.6: Bethe-Salpeter equation for the four-point function and corresponding homogeneous
equation for the Bethe-Salpeter wave function.

Bethe-Salpeter equations. Another way to extract hadron observables from QCD is
to start from elementary correlation functions such as the four-point function (3.1.135)
and write down a Bethe-Salpeter equation (BSE) for it. It has the schematic form
shown in Fig. 3.6:

G=Go+GKG, (3.1.153)

which is also called Dyson equation. Each multiplication stands for a four-dimensional
integration in momentum space, so this is an integral equation for G, where Gy is the
disconnected part and K the kernel of the equation. The structure of the equation is
similar to Eq. (2.2.65), where each step in

G=Gy+G KG=Gy+GyKGy+Go KGo KG = ... (3.1.154)

is exact and gives G~! = Gy ! _ K, whereas a perturbative series would only converge
to that result if K is ‘small’ enough. The kernel can be modelled (e.g. by a ladder
approximation which amounts to a gluon exchange between quark and antiquark) but in
principle also systematically expanded in terms of the underlying correlation functions
such as the quark and gluon propagators, three-point vertices, etc.

If G admits hadronic poles, then at the pole location it factorizes according to
Eq. (3.1.121) and one arrives at the homogeneous BSE for the Bethe-Salpeter wave
function:

U=GyKU. (3.1.155)

Thus, also here one does not actually need to calculate the four-point function directly
in order to extract the pole locations. In practice the homogeneous BSE is an eigenvalue
equation because it has the form (Go K) ¥y = n) V), where the ) are the eigenvalues
of Gog K. The masses of ground and excited states can then be read off from the
conditions 7y (p? = m?\) = 1. If the poles lie above thresholds, then they move into the
complex plane onto higher Riemann sheets, but this does not invalidate the equation
which still holds at the resonance pole location through analytic continuation, i.e., the
above condition has solutions in the complex plane of p?. Analogous BSEs can be
derived for baryons (the three-body versions are also called Faddeev equations) and
higher multiquark systems.
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3.2 Hadron spectrum

We have studied the flavor structure of the QCD Lagrangian and its group-theoretical
implications for hadron properties as well as for currents and for n—point functions.
Now it is time for a reality check, because in principle the various symmetries of the
Lagrangian should be reflected in the hadron spectrum:

m SU(3) color gauge invariance: Hadrons must be colorless, so they can only
appear in the singlet representation of SU(3).. Color singlets can be obtained by
combining quarks and antiquarks to mesons or three quarks to baryons:

33=1®8, 33®3=198®8d10. (3.2.1)

Color singlets also arise from combining two (or more) gluons, which leads to the notion
of glueballs:
8R8=108083109 10 ® 27. (3.2.2)

The product representations of SU(N) are easiest to work out using Young diagrams
(see Appendix A.3). Moreover, color singlets also appear in higher patterns of these
combinations such as tetraquarks,

333%3=108)(1®8)=10108d808®8® 104 10® 27, (3.2.3)

pentaquarks (3®3®3®3®3), hybrid mesons (3®3®8), and so on. If we change
the number of colors N, the nature of a ‘hadron’ will change as well (see Table A.2 in
the appendix):

N.QN.=1®..., N® - QQN.=16..., (3.2.4)
N e’

N, times

which means that mesons still survive as qq states while baryons become bound states
of N, quarks instead of three.

m Flavor symmetries: The usual SU(Ny)y flavor symmetry allows us to classify
hadrons in flavor multiplets, where in contrast to color all combinations are allowed.
In the three-flavor case, mesons form flavor singlets and octets whereas baryons come
in singlets, octets and decuplets (see Fig. 3.7):

33=1®8, 33®3=198®8d10. (3.2.5)

The states within these multiplets are labeled by the third isospin component I3 and
the hypercharge Y (or equivalently, the strangeness), which are conserved quantum
numbers even if the SU(3) flavor symmetry is broken. In fact, the observation that
hadrons appear in SU(3) octet, decuplet and singlet representations but not in the
fundamental one was the starting point for the development of the quark model.

The U(1)y symmetry, on the other hand, corresponds to the baryon number.
Since there is no quantum number that distinguishes mesons from glueballs, tetraquarks
or hybrids, these are strictly speaking all mesons (B = 0), whereas pentaquarks are
technically baryons (B = 1).
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F1G. 3.7: SU(3)¢ meson singlet and octet (for 0~ states); baryon singlet, octet and decuplet.

m Poincaré invariance: The invariance of the QCD action under the Poincaré
group gives us two quantum numbers to label the states, namely the eigenvalues of
its Casimir operators: the total angular momentum (‘spin’) J and the mass M
(see Appendix B). Together with parity invariance of the strong interaction, this allows
us to arrange hadrons according to their J¥ quantum numbers. We find scalar (07),
pseudoscalar (07), vector (17), axialvectir (11), tinsor (27) mesons and more, whereas

1+ 3%+ 5

the possible J values for baryons are 5 55 »35 et

m Charge-conjugation invariance: Charge conjugation exchanges a particle with
its antiparticle and therefore reverses n, for all flavors, the number of quarks minus
antiquarks: Uy [ny, ng,ns,...) = | — ny, —ng, —Ns,...). Since B, I3, Y and @ are then
reversed as well, only states for which all these additive quantum numbers vanish can
be C'—parity eigenstates. These are the neutral flavorless mesons, which are their own
antiparticles and can be classified according to JFC¢. Applying U, twice reverts the
state back to its original one (U2 = 1), so its possible eigenvalues are C' = +1. From
the transformation properties of the quark fields,

Uc % UEl =T TZB Cﬁa s Uc ;pa Ugl = 77: Caﬁ %’ C= i72'707 (326)

together with their anticommutativity, one can show that the Lagrangian is charge-
conjugation invariant (7. is a phase factor). One can also work out the transformation
behavior of the currents:

S — S, P— P, VH — —VH AP — AP (3.2.7)

Therefore, the mesons that are created by these currents carry the quantum numbers
JPC =0+, 0=t, 17 and 177, respectively.

Experimentally, hadrons do indeed come in JF(©) multiplets. For three flavors, in

each JP(©) channel one finds SU(3) 7 octets and singlets for mesons as well as octets, de-
cuplets and singlets for baryons (which can mix, see below). The corresponding states
are distinguished by their quantum numbers I3 and Y. In addition, the multiplets
form ground states and radial excitations, which are distinguished by the remain-
ing ‘quantum number’ M, i.e., their mass. In the following we discuss the current
experimental status on the hadron spectrum.
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3.2.1 Mesons

SU(3) multiplets. Let us start with the meson spectrum obtained from three light
quark flavors u, d and s. We first discuss the SU(3) multiplets and resulting flavor
wave functions. A vector 1 that transforms under the fundamental representation
of SU(3) satisfies ¢/ = Ut. In a given basis |j) with (i[j) = d;;, this implies

Y=Y dplk) = =D Ujt;, Ul =Y Uylk), (3.2.8)
k i k
where (i| U|j) = U;; are the matrix elements in that basis, such that

W =Up = UGy => Ukt k) =>4 |k) . (3.2.9)
J g,k k

The same relations hold for the generators, where for later convenience we attach a hat
to distinguish the basis-independent operators from their matrix elements:

tali) =D (tais 1), (iltals) = (ta)ij - (3.2.10)

k

In the fundamental representation the generators are proportional to the Gell-Mann
matrices. The two Cartan generators

1 1 00 1 0

ts==10-1 0], Y=—ts==-10 0 (3.2.11)
2 0 0 0 V3 3 0 2

correspond to the third isospin component I3 and the hypercharge Y and label the

states inside the multiplet. From Eq. (3.2.10) we can work out their eigenvalues:

B |u) = 3lu), Y lu) = glu),
t3]d) = —3ld),  Y|d) = 3|d), (3.2.12)
f3’8> =0, Q‘S> :_%’3>7

or we can read them off directly from the matrices t3 and Y using a Cartesian basis for
|u), |d) and |s). The eigenvalues (I3,Y") define the weight vectors,

(3,3)...u, (=3.3)...d, (0,-2)...s, (3.2.13)

from where we can draw the triplet in the (I3,Y") plane (left panel in Fig. 3.8). The
remaining generators

te=t+ify, dr=txily, L=+l (3.2.14)

are ladder operators which lead away from the origin in the (I3,Y’) plane and connect
these states with each other, cf. Fig. 3.8:

+1d) = [u), Oy [s) =|d), Upls) =

|
— |u) = 1d), _|d) =|s), O [u) = |s) . (3.2.15)
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F1G. 3.8: Weight diagrams for the SU(3) fundamental triplet and antitriplet in the (I3,Y")
plane and ladder operators. Right: Construction of the octet using ladder operators.

A vector in the antitriplet representation 3 transforms as
W=yttt o W' = Uy (3.2.16)

In this case the generators are given by —t}, which satisfy the same commutation
relations as the t,,

[_tza _t;;] = Z'fabc (_tz) , (3217)

and thus define another three-dimensional representation (the conjugate representation
of the group). For the group SU(2), the generators t, and —t}, are related by a unitary
transformation and hence equivalent (SU(2) representations are pseudoreal), but this
is no longer true for SU(N) with N > 2.

Writing the basis as |j), we have

ald) =Dty k), (il Eald) = (—t)y (3.2.18)
k
which entails
tsla) = —3la),  Yla) = —3la),
t31d) = §ld), Y|d) = —3ld), (3.2.19)
ts|5) =0, Ys) = 3l5).
The weight vectors (I3,Y) are
11 - 11 7 2 _
and produce the inverted triangle in Fig. 3.8. The ladder operators work as before
except the representation matrices of t+ are (—t}) £ i(—t}) = —t% and not —t}, and

similarly for the remaining ones, because due to the complex conjugation these are
antilinear operators. As a result,

tlm =—Id), 0 ld) =-l), 9 ln) =l 2a)
LD =—la), O[5 =—-ld, 9|5 =—la).

Appendix A collects more information on the irreducible representations of SU(N).
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o | Jr] sl s

Tt pt 1 1 0 ud ty
70 o° 1 0 0 7 (uti — dd) V2t3
w* P~ 1 ~1 0 | da t
Kt K*t 1/2 1/2 1 us Vi
K° K*° o | =1/2 1 ds ut+
K° K*° 1/2 /3 -1 sd u_
K~ K*~ o | =12 -1 s v_
78 ws 0 0 0 % (ud + dd — 2s5) V2tg
To wo 0 0 0 % (u@ + dd + s5) % 1

TABLE 3.1: Normalized SU(3); flavor wave functions for mesons.

Flavor wave functions for mesons. Next, we construct the irreducible 1 (singlet)
and 8 (octet) representations along the lines of the discussion in App. A.3: We build
the product wave functions as tensors of mixed rank (1,1) that transform under the
reducible representation 3 ® 3 = 1 ® 8, and by orthogonalizing them we single out the
irreducible components in the end.

The simplest construction principle is the one via ladder operators illustrated in

Fig. 3.8. If we start from |7") = |ud), then from Egs. (3.2.12) and (3.2.19) the eigen-
values of t3 and Y are

b lud) = (t © 1+ 1 (—t3) |ud) = |ud),

o ! (3.2.22)

Yijud) =(Y@1+1®(=Y")) |ud) =0,
so the weight vector for |ud) is (I3,Y) = (1,0). If we apply the ladder operators f_
and Gy, we obtain from Egs. (3.2.15) and (3.2.21):

t_|ud) = |dd) — ua) ~ |7°), Oy lud) = —|us) ~ |KT), etc. (3.2.23)

These states are then normalized so that e.g. (77 |7T) = 1. The remaining two states
with I3 = 0 and Y = 0 are constructed such that |no) is a singlet and |ng) is orthogonal
to |7%) and |ng). The resulting flavor wave functions are collected in Table 3.1.

Note that in a Cartesian basis the flavor wave functions are 3 x 3 matrices which
are proportional to the SU(Ny) generators: the 7+ wave function is u ® d =t etc.
Thus, the flavor wave functions for mesons can already be read off from the generators
of the group, which goes back to Eq. (3.1.40): Since the currents and charges define
representations of their algebra on the state space, the flavor content of the generators
is inherited by the mesons that they create out of the vacuum. This is also the reason
why we attached the group generators to the Bethe-Salpeter wave function (3.1.138),
which should be read as the combinations that appear in Table 3.1.
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F1a. 3.9: Construction of weight diagrams by superimposing multiplets.

Yet another construction principle is shown in Fig. 3.9. Because the quantum num-
bers (I3,Y") are additive, one can simply superimpose multiplets to arrive at the product
states. For 3 ® 3 = 1 @ 8, draw the triangle defined by 3 and add another 3 at each
corner of that triangle. This gives nine states for the corresponding values of (I3,Y).
Likewise, for 3 ® 3 = 3 @ 6, add another triplet 3 at each corner of 3 to arrive at the
product states.

Mixing. Unfortunately, the identification of Table 3.1 with physical states only works
out in the limit of exact SU(3) flavor symmetry. If the quark masses m, = myg = ms
are identical, the Lagrangian is invariant under SU(3)y. As a consequence,

m All states in the multiplet have the same mass;
m All vector currents and charges are conserved;

m Not only the third isospin component I3 and the hypercharge Y are conserved, but
also the Casimirs of SU(2) and SU(3), which are the isospin I and the quantum
numbers (p, ¢) that distinguish the multiplets (see Appendix A.2);

m The states ¥ (with I = 1) and ng, 19 (with I = 0), which have the same I3 and
Y, differ in at least one quantum number I or (p, q).

If SU(3)y is broken due to unequal quark masses, the states in the multiplets are no
longer mass-degenerate and the SU(3) Casimirs are no longer good quantum numbers.
However, I3 and Y are still conserved and commute with the Hamiltonian, so they
can still be used to label the states. As a consequence, mesons carrying the same I3
and S can mix with each other. This concerns for example the pseudoscalar mesons
{7%, g, mo} and the vector mesons {p°, ws, wo} which carry I3 = S = 0: their flavor
wave functions can mix with each other, and the mixed states are those that appear in
the physical spectrum.
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In principle the mixing effect can already be seen from the flavor matrix elements
of the quark mass matrix M. Suppose we could write down an effective Hamiltonian

of the form
H=Hy+M, (3.2.24)

e.g. in the quark model or derived from some effective Lagrangian, where Hy is flavor-

independent and the quark mass operator is
M = (my |u)(u] +ma|d){d] + ms|s)(s]) © 1 (3.2.25)
+ 1@ (mu @)@l +mq |d)(d] +ms[5)(3]) -

Applied to the flavor wave functions in Table 3.1, we find

(T M 7F) = (7° M| 7%) = my +ma,

2
(10 [M [n0) = 3 (ma +ma +ms), (3.2.26)

1
<778’M‘778>:§(mu+md+4m5),

where the off-diagonal matrix elements are zero except for

V2
(no [ M|ng) = ?(mu+md—2ms),
. (3.2.27)

<7ro|M|n8>=%<mM|no>=\/§<mu—md>.

Because m, &~ mg, isospin symmetry is still approximately realized and the flavor
breaking mostly comes from the strange-quark mass. Hence, the isospin I related to
the Casimir of SU(2) is approximately still a good quantum number, which leaves only
a mixing for 7y and 7s.

If we denote the flavor states generically by g and ¢y and the mixed ones by 1 and
', we can define a mixing angle:

v\ cos @ sin @ g ideal 1 1 V2 g
(1//) N (—sin@ cos@) (1/)0> V3 (-\/i 1 > <¢0>. (3.2:28)

In the case of ’ideal mixing’ we have cosf = 1/+/3, which leads to a separation into
SU(2) flavor wave functions, i.e., one state made of light quarks and another one made
of strange quarks only:

) = % (uii + dd) , Y = s5. (3.2.29)
These diagonalize the mass matrix,
WIM|) =my+mq, @ |M[Y)=2m,,  @[M|¢)=0, (3.2.30)
and we find
(W [M]Y) + (W [M[Y) = (s [M]s) + (Yo | M[Yo) = my +mg +2m,.  (3.2.31)

The actual mixing angles in the various meson channels are dynamical effects and have
to be inferred from experiment (or computed by theory).
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F1G. 3.10: Light and strange meson spectrum from the PDG (https://pdglive.1lbl.gov).

Experimental spectrum. Now let us compare our expectations with the experimen-
tal spectrum. Fig. 3.10 shows the light meson spectrum from the PDG, where the bars
are the quoted mass ranges. In each JPC channel there are ground states and radial
excitations. Each blob encloses a presumptive ‘nonet’ (i.e., octet plus singlet), where
the states in light (dark) blue are those with I = 0 (I = 1) and the ones in green are
the kaons. The naming scheme is as follows:

PC=—+: {’”777777/}Ja PC = ++: {aafafl}J7 (3232)
- {p7 w, ¢}J7 +— {b7 h7 hl}J: o
where the subscript J is dropped for 0~ and 17~ states. In addition, kaon-like states
with JP =0%,17,2%,37,... are denoted by K*.

A good channel to start with are the vector mesons, since this sets the prototype
regarding expectations. Here we observe

mpy = My, and My — MK MK — My, - (3.2.33)

Suppose we have isospin symmetry (m, = mg) and ideal mixing, so that the w is only
made of u/d quarks and the ¢ is a pure ss state like in Eq. (3.2.29). If the dynamics
were of the form (3.2.24), where the mass differences are entirely due to the different
strange and u/d masses, then we would find:

my, = my, = My + 2m,,,
mpx = My + my + mg, (3.2.34)
mg = Mo + 2m .
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M 1 S 0t 1=~ 1t ott I
8 1 0 7 (138) p (770) b1 (1235) ao (980) a1 (1260)
7 (1300) p (1450) ao (1450) a1 (1640)
7 (1800) p (1700)
81| 0 0 7 (548) w(782) hi (1170) Jfo (500) f1(1285)
7' (958) #(1020) hi (1415) fo (980) f1 (1420)
n (1295) w (1420) fo (1370)
n (1405) w (1650) fo (1500)
n (1475) # (1680) fo (1710
#(2170)
8 e K (495) K*(892) K1(1270) K§(700) K1(1400)
K*(1410) K§(1430)
K*(1680)
M 1 S 2+t 2=+ 37~ 4+t 1=
8 1 0 az (1320) w2 (1670) ps (1690) a4 (1970) 71 (1400)
az (1700) 72 (1880) 71 (1600)
81 |0 0 f2 (1270) 2 (1645) ws (1670) f1 (2050)
15 (1525) n2 (1870) #3 (1850)
f2 (1950)
f2 (2010)
f2 (2300)
f2 (2340)
8 i1 K3 (1430) K»(1770) K3 (1780) K} (2045)
K»(1820)

TABLE 3.2: Well-established light and strange mesons in terms of JF¢, isospin I and
strangeness S (PDG 2020, https://pdglive.1lbl.gov). Mesons with I = S = 0 belonging
to different multiplets (M = 1 or 8) can mix with each other, and in principle also the neutral
members of the I = 1 states, so in these cases an identification with flavor-octet or singlet states
is not possible. Note also that C' parity is only a good quantum number for neutral mesons.
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My is some flavor-independent mass that depends on JP¢ and the radial quantum
number (otherwise they would be the same for each multiplet). Then Eq. (3.2.33) with
the values from Table 3.2 yields ms — m, ~ 120 MeV, and we have the relation

My + My = 2m e+ (3235)

which is realized to good extent in nature. Such empirical mass formulas are called
Gell-Mann-Okubo relations.

In any case, for vector mesons ideal mixing seems to be well realized since the masses
of {p,w} — K* — ¢ differ roughly by one unit of the strange-quark mass. As one can
see in Fig. 3.10, the pattern is (to a lesser extent) still visible in the 1+, 17+, 2T+
and some other channels, but there are two channels where the mass ordering does not
work at all: the pseudoscalars 0~ and the scalars 07 +. Apparently there are further
mechanisms at play to which we turn now.

No parity doublets. In the chiral limit m, = mgq = ms = 0 the Lagrangian is
invariant under a SU(3)y x SU(3)4 chiral symmetry. In that case all mesons within a
given JPC multiplet would become mass-degenerate, and we expect parity doublets
for mesons with same J but different P. Suppose |\) is an eigenstate of the Hamiltonian
with positive parity, so that

HIN =B\,  Up|A\)=+A). (3.2.36)

Because the axial charge switches sign under parity,
UpQaUp' = /d31r Up ¥l (2) Up* (75)ap Up ¥a(x) Up*
_ / B (1, —2) 10 51 (1, —) (3.2.37)
—— [ @l @) v(e) = ~Qa.
the state |[\') = Q4 |)\) carries negative parity:

Up|X)=UpQalX) = -QaUp|X) = —|X). (3.2.38)

If chiral symmetry holds, the axial charge commutes with the Hamiltonian, [Q 4, H] = 0,
and therefore |\') is an eigenstate with the same mass:

HIN)=HQAN) =QaHI\ =E|N). (3.2.39)

Thus, chiral symmetry entails that the masses of the pseudoscalars (0~ 1) are degenerate
with the scalars (07), vector mesons (1~7) with axialvectors (177), and so on.

Now, the three-flavor chiral symmetry is explicitly broken because mg > m, ~ my,
but the two-flavor SU(2)y x SU(2) 4 symmetry should still approximately work since
u and d quarks are almost massless. Hence we should still see remnants of this pattern
in the spectrum. We do not, though: the pion is almost massless in contrast to its
scalar partner and the vector mesons are much lighter than the axialvector ones.
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On the other hand, the fact that SU(2)y still works out well (mesons with same
isospin I have about the same mass) tells us that something is wrong with the SU(INy) o
part. Combined with the unnaturally light pseudoscalar mesons, these are the typical
symptoms of a spontaneous symmetry breaking of SU(Ny) 4, which would produce
N? — 1 massless Goldstone bosons in the chiral limit. The three pions are indeed
almost massless (m, =~ 140 MeV); the kaons are heavier but they also contain one
strange quark, so they should feel the impact of explicit chiral symmetry breaking
more strongly than the pions.

In Sec. 4.2 we will derive the Gell-Mann-Oakes-Renner relation, which states that
the squared pseudoscalar meson masses are proportional to the quark masses. Based
on this, we would interpret matrix elements such as (| M |r) = m,, + my to be propor-
tional to m2 instead of m, (this becomes explicit in chiral perturbation theory). With
Eq. (3.2.31), the analogue of the Gell-Mann-Okubo relation (3.2.35) then becomes

2 2 2 2 2
my, +my =my +my = 2mi . (3.2.40)

n —n' mixing. If chiral symmetry is indeed spontaneously broken, it should break all
axial symmetries, SU(3)4 and U(1)4. Hence we would expect nine Goldstone bosons,
including the pions, the kaons and both the ns and 7. Suppose we had ideal mixing:
then n and 1’ would be the analogues of w and ¢ in the vector channel,

0= J5 (uti+dd), n = ss, (3.2.41)
where the 7 is mass-degenerate with the pion and the n’ (as a pure s5 state) would
acquire mass due to the explicit chiral symmetry breaking, similarly to the kaons. As-
suming that Eq. (3.2.40) holds, then with m,, = m, we expect to find m,, ~ 690 MeV.
Going away from ideal mixing, the masses of  and 1’ should move in opposite direc-
tions: if m; > mg, we should find m,, < 690 MeV. However, this is not realized at
all: the 7 is heavier than the kaon (m, =~ 550 MeV) and the 1’ mass is almost twice as
large (m,y =~ 960 MeV).

This argument and other ones lead us to believe that the U(1) 4 symmetry may not
have been realized to begin with. It is still satisfied by the QCD Lagrangian in the
chiral limit, but the classical symmetry is anomalously broken at the quantum level
because it does not survive the quantization — this is the U(1) 4 anomaly. We already
anticipated in Eq. (3.1.54) that the divergence of the axial current picks up an extra
term. If we work out Eq. (3.1.143) in the isosinglet case, we obtain

My + Mg + My 9*Ny

3 ot a2

) ~
Fromip, =2 (O F5™(0) Fi,(0) |mo) - (3.2.42)
Even if we set all quark masses to zero, the right-hand side of this equation remains
nonzero and therefore also the g remains massive in the chiral limit. Through a mixing
with 7g, the extra term contributes to both 1 and 7’ masses. Another manifestation of
this is the Witten-Veneziano relation, where xr is the so-called topological suscep-
tibility:

4Ny¢ xT

I (3.2.43)

2 2 _ 9,2
my, + my, = 2mi +
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Missing exotics. Another observation in Fig. (3.10) is that not all J©¢ quantum
numbers appear: The ‘exotic’ quantum numbers 0~—, 07—, 17" and 2%~ are absent
from the light-meson spectrum, with the exception of the higher-lying m(1400) and
71(1600) in the 17 channel.

The absence of exotic mesons can be understood from the nonrelativistic quark
model. So far we have labeled ¢ states according to their JFC eigenvalues. Now
assume that the total spin S of the ¢g pair (S = 0 or S = 1) and its intrinsic orbital
angular momentum L = 0,1,2,... are also good quantum numbers. Then from the
angular-momentum addition rules we have |L — S| < J < L+ S, and we can motivate
the following two relations:

P=(-1)Y  and C=(-1)FS, (3.2.44)

The first arises from the observation that a ¢¢ pair has intrinsic parity —1 and its spa-
tial wave function has parity (—1)%; parity is multiplicative, hence the factor (—1)&+1.
Charge conjugation exchanges quark and antiquark, so the value of C' can be deduced
by exchanging ¢ <+ ¢ and then interchanging their positions and spins. The sym-
metry of the spin states is (—1)°*! because S = 0 is antisymmetric (|1}) — | 1))
and S = 1 symmetric (|11), [11) + [I1), [11)). The factor (—1)% is as before, and
a minus sign comes from interchanging the fermions. The combined operation gives
C = —(—l)L (_1)S+1 — (_1)L+S.

The first relation above says that states with alternating L have alternating parity,
and the second one entails that once L and S are specified, C' (and thus J7) is fixed
as well. These rules are quite efficient for cataloguing the possible JF¢ combinations:

m L = 0 are orbital ground states (s waves) and should therefore correspond to the
lightest mesons. According to (3.2.44) they must have negative parity. S = 0
gives us the pseudoscalars 0~ ; from S = 1 we obtain the vector mesons 17 ~.

m L = 1 are orbital excitations (p waves) with positive parity. From S = 0 we
obtain the axialvectors 17~ and from S = 1 we get scalar (011), axialvector
(171) and tensor mesons (2771).

m From L = 2 (d waves) we obtain further vectors (177) plus states with J = 2
and J = 3, and so on for higher L.

The resulting mass ordering is shown in Fig. 3.11. Pseudoscalars and vectors are the
lightest mesons because they are in an orbital s wave. Since they carry different quark
spin S, their mass splitting is generated by spin-spin interactions between quark and
antiquark. This is called ‘hyperfine splitting’ because of its analogy to the hydrogen
atom, where the hyperfine structure is caused by the coupling between electron and
proton spin. All other mesons are orbitally excited because they carry higher L. For
the lowest-lying states we should thus expect a mass pattern

{077 < {177} < {177} < {otH, 1t 27} < ... (3.2.45)

which is also how we arranged the columns in Fig. 3.10. Also frequently used is the
spectroscopic notation 2t ; with L = S, P, D, F, ..., where this becomes

{1so} < P81} < {'Pi} £ PR, PR °PY S (3.2.46)
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F1G. 3.11: Expected JF¢ level ordering for mesons.

Interestingly, the analysis forbids exotic quantum numbers 0=, 07—, 1= and 2.
If such states were observed, we would then conclude that they are not made of qq
but something else. The only known examples in the light-meson spectrum are the
71(1400) and 71(1600) with 1-F. They are candidates for hybrid mesons, i.e., states
with valence quarks and gluons, because the combination ¢qg produces the quantum
numbers 1~ naturally (among others). From the general formula (3.1.121) we could
look for hybrid mesons in higher n-point functions with gluonic content or, equivalently,
current correlators of the form

OITj(2)j()0)  eg with  j(z)=1v(z) P(z), (3.2.47)

where P 1) is the simplest gauge-invariant combination that involves gluon fields.
Such calculations are being done in lattice QCD and they find indeed additional states
which do not show up when using 17 operators only.?

On the other hand, Eq. (3.1.121) states that a meson pole will appear in any correla-
tion function that has non-zero overlap with the state. It turns out that Bethe-Salpeter
wave functions of the form (3.1.136) do not vanish for exotic quantum numbers even
though they only contain quark and antiquark operators. As a consequence, poles with
exotic quantum numbers can also show up in the quark-antiquark four-point function
in Fig. 3.3. This goes back to the observation that the relations (3.2.44) are nonrela-
tivistic, because P and C are conserved quantum numbers whereas L and S are not.
Only J corresponds to a Casimir operator of the Poincaré group; S and L are not
Poincaré-invariant and can mix in different reference frames. This is also why only
JPC¢ should be used to label multiplets. For example, from the nonrelativistic analysis
above the pion should carry L = 0, but the pion’s relativistic BSWF in Eq. (3.1.138)
also contains L = 1 components, namely the tensors ¢ and [¢, p] which depend on the
relative momentum ¢ and thus correspond to p waves in the pion’s rest frame. (This
is analogous to the ‘lower components’ in Dirac spinors which come about through
relativity.) Similary, at the level of BSWF's, exotic mesons are not generally forbidden
as qq states but merely do not survive the non-relativistic limit.

2J. J. Dudek, Phys.Rev.D 84 (2011) 074023, arXiv:1106.5515 [hep-ph].
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Fia. 3.12: Left: Mass ordering of the light scalar mesons. Right: o pole location in the
complex /s plane (adapted from J. Pelaez, Phys. Rept. 658, 1 (2016)).

Scalar mesons. Another curious case in Fig. 3.10 is the lowest-lying multiplet of scalar
0% mesons. They do not fit into the mass ordering (3.2.45), which would be (roughly)
realized if we simply removed them from the spectrum. Also the mass ordering inside
the multiplet is far from ‘ideal’: the isosinglet fy(500) or o meson is the lightest state,
followed by the K(700) or x and the almost degenerate ap(980) and fp(980). This does
not make much sense given the flavor content: why would ag and fy be mass-degenerate
if one is made of light quarks and the other is the s5 state?

Such arguments initiated the idea that the 07+ ground states may not be actual
qq states but rather tetraquarks in the form of diquark-antidiquark combinations.?
Two quarks can form a diquark through 3 ® 3 = 3 @ 6, cf. Fig. 3.9, where it turns out
that the color-antitriplet channel 3 is attractive but the sextet channel 6 is repulsive.
Hence one can write the combination (3.2.3) also differently:

B3)®B®3)=0B96)2(346)=Bx3)a---=1680... (3.2.48)

In flavor space, the antitriplet 3 corresponds to antisymmetric flavor wave functions
[ud] = ud — du, [us] and [ds] (up to normalization). Combining a diquark with an an-
tidiquark then produces a singlet and an octet, except with different flavor content: The
isoscalar o is made of light quarks only, whereas both ag and fy contain ss which would
make them mass-degenerate. Since the o and & lie above the 7w and K7 thresholds,
respectively, they can then simply fall apart without the need for exchanging gluons
which would turn them into broad resonances. In fact, the large decay width of the o
has prohibited a precise determination of its pole location until recently (see Fig. 3.12).
There has been a long history of support for the non-¢g nature of the light scalar
mesons, although their internal decomposition (diquark-antidiquark, meson-meson, or
possible ¢ admixture) is still under debate.*

3R.L. Jaffe, Phys. Rev. D 15, 267 (1977).
“For a review, see J. Pelaez, Phys. Rept. 658, 1 (2016), arXiv:1510.00653 [hep-ph].
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F1G. 3.13: SU(4)¢ multiplet arrangement for the pseudoscalar mesons.

Mesons with charm. Let us turn to the spectrum of heavy mesons. In order to
include charm quarks, we should start from the group SU(4) which has 15 generators.
The SU(4)s symmetry of the Lagrangian is badly broken by the large charm-quark
mass, but like in the three-flavor case discussed in Sec. 3.1.1 the diagonal currents
corresponding to the three Cartan generators are still conserved. They are related to
the quantum numbers I3, Y and C (charm) which label the states (Fig. 3.13). On top
of the light and strange sector, this leads to additional D and D, mesons:

I=%,8=0,C=+1: {D',D°,D° D"} = {cd, cu,ue,dc}, (3.2.49)
I=0,S=C=+1: {Df,D;} = {c5,sc}. (3.2.50)

The separation into different multiplets (4 ® 4 = 1 & 15) is not useful because due to
the broken symmetry the states in the center will mix; ideal mixing amounts to the

. . 1 _ n _ _
usual separation into ﬁ(uu + dd), ss and cc.

Let us focus on the charmonium spectrum consisting of ¢c (Fig. 3.14). The first
charmonium state to be discovered was the J/v, which owes its double name to the
simultaneous discovery by two independent collaborations in November 1974 (‘Novem-
ber revolution’). The J/1 and its excitations are vector particles with J PC =1, s0
they can be directly produced from a photon in eTe™ collisions. The naming scheme
for the remaining J”¢ channels is as follows:

PC:_+ Te , i wv ++: Xe +—: h’c' (3251)

Since charm quarks are heavy (m. > Aqcp), relativity and chiral symmetry no
longer play a major role, which are the two main effects that complicate the light meson
spectrum. Thus, effective theories such as heavy-quark effective theory (HQET)
and nonrelativistic QCD (NRQCD) can be used to study heavy-quark physics. In
fact, already non-relativistic quark potential models provide an efficient description of
the charmonium spectrum.
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Fia. 3.14: Charmonium spectrum from the PDG 2020 (https://pdglive.1lbl.gov). Not
well-established states are shown in pale colors and the box heights are the mass ranges. The
open-charm thresholds are shown in gray.

Exotics. In this sense, the heavy-quark sector is also a much cleaner environment for
studying exotic mesons. Following a series of discoveries over the past two decades,
a number of exotic meson candidates in the charmonium region (the ‘XY Z states’) are
experimentally well-established by now (Fig. 3.14):

m The x.1(3872) or X (3872) was first reported by Belle in 2003 and the first exotic
charmonium-like state to be found. Its mass is indistinguishable from the D°D*0
threshold and it has a very narrow width (< 1.2 MeV).

m The ¢/(4230) is one of several exotic candidates in the 17~ vector channel, which
are produced in eTe™ collisions.

m The Z,. states with 17~ carry charge and are thus manifestly exotic since their
minimal quark content is céud, which provides evidence for tetraquarks.

The internal structure of four-quark states is under debate. In principle, systems made
of nnce, where n stands for light quarks, could cluster into

m meson molecules (n¢)(nc) made of two heavy-light mesons, which interact by
long-range color-singlet forces such as light meson exchanges;

m compact diquark-antidiquark systems (nc)(n¢) made of two colored diquarks;

m hadrocharmonia (nn)(c¢) with light mesons that ‘orbit’ around a heavy core.

Of course, quantum field-theoretically all these configurations can mix together as well
as with ordinary cc states, but it is conceivable that certain configurations are dominant
for particular states, like for example the proximity to a threshold is a typical signal
for a molecule.


https://pdglive.lbl.gov
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F1a. 3.15: Cayley graph for the permutation group S3. Any permutation can be reconstructed
from a transposition P and a cyclic permutation Pja3.

3.2.2 Baryons

Let us come to the baryon sector. Baryons are fermions, so their angular momentum
takes half-integer values: J¥ = 1/2F, 3/o 5/5% and so on. If we start again with three
flavors u, d and s, then because of

30303=13838¢10 (3.2.52)

in principle each J channel can contain SU(3) flavor octets, decuplets and singlets.
These are shown in Fig. 3.7, and they can come in the form of ground states and radial
excitations. As before, SU(3) flavor breaking entails that baryons with the same I3
and strangeness S can mix.

The construction of the flavor wave functions is a bit different from the case of mesons
since we must combine three quarks instead of a quark and an antiquark. What helps
is that baryons satisfy the Pauli principle, i.e., in the flavor-symmetric limit their total
(Bethe-Salpeter) wave function

¥ = Dirac x Flavor x Color (3.2.53)

must be totally antisymmetric under exchange of any two quarks. Here, ‘Dirac’ is
a shorthand for the full spatial and spin (or momentum and spin) contribution that
transforms under the Lorentz group, or the rotation group in the non-relativistic case.
We can then arrange each part in irreducible representations of the permutation group
Ss, with definite symmetry, and figure out in the end which symmetry states are allowed
in the combination.

For example concerning the color part, the singlet in 3® 3 ®3 =16 ... is totally
antisymmetric (see further below). If we use the quark color basis states C; = R,
(3 = G and U3 = B, then the color wave function is given by &;:

RGB+ GBR+ BRG — GRB — BGR — RBG = €ijk C; Cj Ch. (3.2.54)

For the flavor part we must also cast the remaining combinations in Eq. (3.2.52) in
permutation-group multiplets, i.e., we must classify them into simultaneous irreducible
representations of SU(3) and the permutation group Ss.
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Permutation gruop S;. The permutation group S3 consists of 3! = 6 elements. The
group manifold can be visualized by the Cayley graph in Fig. 3.15: any permutation of
an object 1123 can be reconstructed from a transposition Pjo and a cyclic permutation
Pjo3. The former interchanges the indices 1 <> 2 and the latter is a cyclic permutation
1—2,2— 3,3 — 1. The group elements acting on 1123 are given by

1, Pg,
Pi3 Py = Piog3, Po3 = Pio Pro3, (3.2.55)
P23P12:P1223, P13:P12P12237
for example
Pi3 1123 = Pia Piys tb123 = Pia Pia3 31 = Pia 312 = V321, (3.2.56)

and they are represented by paths along the Cayley graph.
To find the irreducible representations of S3, we define the combinations

123 £ Y213 Pa31 £ Y132 Y312 £ Y321
¢it = T reld ¢§E == wgﬁ = 2= Toe (3.2.57)
2 2 2
You can convince yourself that applying Py and Pja3 to them amounts to
O+ 9s (0 — )
Pig g7 = 47, Prygipf = 2 : 5 k2 (3.2.58)
where {i,7, k} is a cyclic permutation of {1,2,3}. If we further define
S=y¢f +yF +9f,  A=yr +¢; +95, (3.2.59)
then we see that
Plgst, P123$:S, P12.A:—A, P123.A:.A. (3260)

Since any permutation can be reconstructed from Pjo and Pjs3, the combinations S and
A only transform into themselves, so they form irreducible one-dimensional subspaces
under the permutation group. § is invariant under permutations, so it is a symmetric
singlet. The antisymmetric singlet (‘antisinglet’) A is totally antisymmetric under
exchange of any two indices and thus picks up a minus sign under a transposition. The
remaining four combinations can be grouped into doublets,

- I _ | v (2 s —20)
o [\}5(¢§+¢§2W)] D= [ St —ut . (3.2.61)

which also transform into themselves and therefore define a two-dimensional subspace:
PisDj =M{,D;,  Pi3Dj =My D;. (3.2.62)

The representation matrices (MT denotes the matrix transpose) are given by

My = <_(1) (1)) : Mig3 = % <;§ __\f) : (3.2.63)
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from where all other ones can be reconstructed through Eq. (3.2.55), e.g.:

Py3D; = Py Pos D; = Piy (l\/l{23 Dj) = MJy3 Pia D;

(3.2.64)
= M3 My Dj = (M12 M123)" D; .

The upper (lower) components of the doublets are antisymmetric (symmetric) under
transpositions P12 and we denote them by

D, = [C‘f] : (3.2.65)
5j
In the language of Young diagrams (see Appendix A.3), the irreducible representations

of S3 correspond to
S D; A

T @

In practice we will also need the tensor products of S3 multiplets. Given two sets
of singlets S, &', antisinglets A, A’ and doublets D = [a, s], D’ = [d/, §], there are 16
possible combinations

{S, A, a,s} x {8, A, d, s} (3.2.66)

which we can again arrange into multiplets. Clearly, the products of two singlets (S S’)
or antisinglets (A.A") must be singlets. The inner product D - D’ of two doublets is
also a singlet and invariant under any permutation because the representation matrices
M € {Mj2, Mj93} are orthogonal:

(M™D) - (MTD') =Dy, (MM"), D, =D - D'. (3.2.67)
Therefore, there are three possibilities for constructing singlets in the product space:
S8, AA, D-D' =ad +ss'. (3.2.68)
Antisinglets are obtained from
SA, AS, DAD :=as —sd, (3.2.69)
where we defined an antisymmetric wedge product, and doublets are formed by

ST, A(ED),
S'D, A (e D),

5:<_(1) é) = 5D:[_Sa]. (3.2.71)

This covers all 16 possibilities. You can easily check this using Egs. (3.2.60) and (3.2.62)
written down for a, s, a’ and s’: the singlets stay invariant under permutations, the
antisinglets pick up a minus sign for odd permutations, and the doublets transform
under M12 and M123.

(3.2.70)

Dy [as’+sa’]

aa’ — ss'

where
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uUU uud ddu ddd UUS uds dds SSU ssd s88
S AtT AT A° A~ ot 0 - g0 B~ Q-
Dy P n ay %0 T g° S
Dy A°
A A°

TABLE 3.3: SU(3)s flavor wave functions for baryons.

Flavor wave functions for baryons. Suppose u, d and s denote flavor vectors that
transform under the fundamental representation of SU(3), for example in a Cartesian
basis. Combining three of them gives 3 x 3 x 3 = 27 possible combinations, which would
transform under the 27-dimensional reducible representation of SU(3). The irreducible
representations contained in 3 ® 3 ® 3 =1 8 ® 8 @ 10 differ by their symmetry, so
we must find the combined irreducible representations of SU(3) and Ss.

To construct flavor wave functions from the tensor products of three flavor vectors,
e.g. for a baryon with flavor content wud such as the proton or the AT, we write

Y123 = wiujdy = (uud)gji , P13 = wjuidy, = (uud)iji
Po31 = wjupd; = (duw)j , Y132 = wiupd; = (udu)ijy (3.2.72)
Y312 = upuid; = (udu)jp , P31 = upujd; = (duw)ijp -

The combinations in Eq. (3.2.57) become

O =uwud, Y] =0, oy =497 = i“difdu u, (3.2.73)
so we arrive at the multiplets
duuw — udu
S(uud) = uud + udu + duu, Dr(uud) = L (udu + duu — 2uud) |’
3 (3.2.74)
*A(UUCZ) =0, Dg(uud) =0.

Apart from overall normalization, S(uud) is the flavor wave function of the A™ and
D1 (uud) is that of the proton. Had we started from ddu instead of wud, we would
have obtained the wave functions for the A? and the neutron (replace u <+ d in the
equation above). The combination uuu returns only a singlet (A™"), and from uds we
get everything: S, A and two doublets.

If we take all 10 combinations with different flavor content into account (uwuwu, ddd,
sss, wud, uus, ddu, dds, ssu, ssd, uds), the permutation group gives us

m 10 singlets, which form the flavor decuplet with A, ¥, = and 2,
m 8 doublets which form the flavor octet, including proton, neutron, ¥, = and A,
m and one antisinglet from wuds, the flavor singlet for A.

These are just the irreducible representations of SU(3)s: decuplet, octet and singlet.
The resulting states are collected in Table 3.3 and written explicitly in Table 3.4.
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| e
udu — duu
d 1 1 0 1
w P /2 /2 V2 |: f% (udu + duu — 2uud) :|
udd — dud
udd n 1/2 —1/2 0 L
/ / V2 [ 5 (dud + udd — 2ddu) }
usu — suu
ot 1 1 -1 %
s V2 f% (usu + suu — 2uus) :|
uds 50 1 0 _q % 1 sud — usd + sdu — dsu
7 (sud + usd + sdu + dsu — 2uds — 2dus)
dd o- 1 1 1 1 dsd — sdd
S — _ L
V2 | =5 (dsd + sdd — 2dds)
wds A0 0 0 . ! % (2uds — 2dus + usd — dsu + sdu — sud)
usd — dsu + sud — sdu
=0 ) ) 72 1 uss — sus
s /2 /2 V2 |: % (sus 4+ uss — 2ssu)
dss — sds
d =" 1 —1 -2 1
s /2 /2 V2 |: % (sds + dss — 2ssd) :|
uuu ATT 3/2 3/2 0 uuu
uud At 3/2 1/2 0 % (uud + udu + duw)
udd A° 3 | —1/2 0 75 (udd + dud + ddu)
ddd A~ 3/2 3/2 0 ddd
uus ot 1 -1 % (uus + usu + suu)
uds 0 1 0 -1 % (uds + sud + dsu + dus + usd + sdu)
dds - 1 -1 -1 % (dds + dsd + sdd)
uss =0 /2 /o -2 % (uss + sus + ssu)
dss = 2 | =1/2 -2 % (dss + sds + ssd)
588 Q- 0 0 -3 EEE]
uds A° 0 0 -1 L (uds + sud + dsu — dus — usd — sdu)

6

TABLE 3.4: SU(3); flavor wave functions for octet, decuplet and singlet baryons.
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Including charm as a fourth flavor, we can immediately extend the construction to
SU(4)y which would give us 20 singlets, 20 doublets and 4 antisinglets:

4®404=205® 20y, D20y, D44. (3.2.75)

In the SU(2)¢ case, on the other hand, we get four singlets (the four A baryons) and
two doublets (proton and neutron):

202®2=45® 2y, D2y - (3.2.76)

If we identified SU(2) with spin instead of flavor, this would give us the three-spinor
wave functions, e.g. the four symmetric ones:

1), 5 (T I+ 1), 5 (WD + D + 1), D). (32.77)

Full baryon wave function. The remaining question is what the Dirac part in
Eq. (3.2.53) looks like. From the above analysis we conclude that even without knowing
its explicit form, we can also arrange it into permutation group multiplets S, A, Dy
and Dy to write

U ={8, A, Dy, Do} x {S, A, Dy, Do}y x A = Asogar (3.2.78)

Because color is antisymmetric, the Dirac-flavor part must be symmetric. This leaves
the three possible combinations in Eq. (3.2.68):

(Dp - Dr) Ac (octet)
Atotal = (Sp Sr) Ac (decuplet) , (3.2.79)
(Ap Ar) Ac (singlet) .

That is, flavor octet baryons come with a mixed-symmetric Dirac part, decuplet baryons
with a symmetric and flavor-singlet baryons with an antisymmetric Dirac part.
In principle the Dirac part can be constructed from the Bethe-Salpeter wave function

(0] T (1) ¥p(w2) 1y (23) [A) (3.2.80)

in analogy to Egs. (3.1.136-3.1.137): In momentum space it has the structure

N

Vopy(p1,p2,p3) = Y fildh, @, ¢1-p, 42D, 1 g2, p° = m3) 7i(P1, P2, P3)apy » (3.2.81)
=1

where p is the onshell momentum of the baryon, ¢; and ¢s are the two relative momenta
in the system, and the 7; form a linearly independent and complete tensor basis. These
can be grouped into S3 multiplets, so that the symmetry properties are inherited by
the dressing functions f;.
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It is instructive to go back to the nonrelativistic quark model, like we did in the
discussion of mesons below Eq. (3.2.44). In that case J P L and S are good quantum
numbers. The Dirac parts are taken to be the direct product of O(3) spatial and SU(2)
spin wave functions. The combination of three spins % & % ® % in a three-quark qqq
state only permits total spin S = % or § = % The corresponding wave functions are
those in Eq. (3.2.77), i.e., there are four permutation-group singlets Sg (subscript S
for spin) with S = 3/2 and two doublets Dg with spin S = 1/2.

The SU(2) spin states (Dg, Sg) are then combined with the SU(3) flavor states
(Dr, S, Ar) into spin-flavor multiplets according to Egs. (3.2.68-3.2.70):

m 56-plet Sg;: Dg-Dp — 2x 8 =16 spin-flavor states,
Ss Sp — 4 x 10 =40,
m 70-plet Dgr: Dg *Dp — 2x8 =16,
Dgs Sk — 2x10 =20,
(eDg) Ap — 2x1 =2
SsDr — 4x8 =32
m 20-plet Agp: Dg ADp — 2x8 =16,
Ss Ap — 4x1 =4

This is the ‘SU (6)-symmetric’ quark model classification, since SU (2)spin X SU (3)favor ~
SU (6)spin-flavor and in SU(6) one has

6©6®6=>565070y, ® 70y, ®204. (3.2.82)

Keep in mind, however, that different spin polarizations do not correspond to different
particles: only the number of states in a flavor multiplet counts the number of baryons
we expect to find in the spectrum.

The spatial wave functions can depend on the total coordinate R and the relative
(Jacobi) coordinates p and A:

T+ T2+ T3 p_ml—mg _ac1+a:2—2a:3
V3o V2 V6 '
After removing the center-of-mass motion induced by R, the spatial wave functions

o(p, A) only depend on the relative coordinates. These can be arranged in a permutation-
group doublet, since from Eq. (3.2.62) one can verify

p] ; Pra3

R =

(3.2.83)

P
A

p

Pis A\

p

From a doublet D one can construct further multiplets such as the O(3) invariants

2p - A

2| (3.2.85)

S=D-D=p*+ A, D’—D*D—[

and in this way also the spatial wave function ¢(p, A) can produce permutation-group
singlets, doublets and antisinglets.
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The spatial wave functions are usually set up in a spherical harmonic oscillator basis

¢L(p7 )‘) = Z Cﬁplpnklx [¢nplp (p) ® an/\l/\ (A)]L ) (3286)

np7lp BN 7l>\

where both internal motions support radial (n, > 0) and orbital (I, > 0) excitations.
With n =n, +ny and [ =1, + [, the total orbital angular momentum is constructed
from L = |l, — Iy|...l, + [\ and the parity of the state is P = (—1)!.. This yields
excitations bands for the ‘band quantum number’ N = 2n + [ corresponding to the
same energy. The resulting spatial wave functions can be arranged into permutation-
group multiplets Sp (subscript O for orbital), Do and Ap, which are finally combined
with the spin-flavor wave functions to yield the totally symmetric combinations

SoSsr  — SoDs-Dr, SoSsSr,
DO'DSF — Do-(Ds*DF), DO-(DsSF), Do'(eps)AF, DO'(Sspp),
Ao Asr — Ao (Ds ADr), Ao Ss Ak .

Since the spatial wave functions carry definite L and P and the spin wave functions
definite S, their combination J = |L —S|... L+ S determines J*. The resulting states
and their flavor assignments are listed in Table 3.5.

One can see that the ground states (N = 0) correspond to flavor octet baryons
with J = %+ and decuplet baryons with %Jr. We could have inferred this directly from
Eq. (3.2.79): For ground states the orbital wave functions are spatially symmetric, i.e.,
permutation-group singlets, so the different Dirac multiplets can only come from the
spin. Ground states have L = 0 and thus J = S, so the only possible combinations are

{ (Ds-Dp)Ac  (J =
Atotal ~
(Ss Sr) Ac (J

+, octet) ,

1
2

(3.2.87)
%Jr, decuplet) .

Because there is no antisymmetric spin wave function Ag, the flavor-singlet baryons A°
cannot appear as ground states.

What Table 3.5 also shows is that the quark model predicts a lot of states. While
the ‘bands’ for N = 0 and N = 1 can be identified with experimentally known baryons,
already the NV = 2 and especially the N = 3 states have not all been observed. This is
the so-called missing resonances problem, which could have several explanations:

m We simply have not found them yet. Excited baryons (generically called N*) have
traditionally been extracted from N7 scattering (N7 — Nm), but if they did not
strongly couple to N7 it would be hard to see their peaks in experimental cross
sections (remember Eq. (3.1.121)). Recent photoproduction experiments (e.g.
vN — N) have indeed found new states, but the spectrum as of today is still
quite sparse compared to what the quark model predicts.

m If two quarks inside a baryon clustered to a diquark, this would freeze internal
excitation degrees of freedom and we should see fewer states in the spectrum.

m The assumptions we made (nonrelativistic quark model, harmonic oscillator) are
simply too drastic to provide a realistic description of light baryons.
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N|L"| O SF|S F |J" L | o SF|S F | J"
+ _ — —
00" | S 56|+ 8|31 17 | S 56 | 3 8 | 17,2
3 3+ 3 1— 3— 5—
3 10| 5 21013 ,% .3
_ _ 1 1— 3—
117 |Do 70 |1 8 |17,2 Do 70 | 3 8 | 5,3
_ — 1 1— 3—
110|173 310 15,3
_ — 1 1— 3—
114,32 2 2 02
_ _ _ 3 1— 3— 5—
$8 448 LNERL RS
Do 70 | 2 8 | 17,27
2 | 0" | S 56 |1 8 |1iF 2 2 02
190 | 17, 37
3 10 | 3* 2 2 12
2 2 1oq | 1- s-
2 2 72
Dy 70 | 1 8 | 1F
3 g | 1= 37 5-
110 l+ 2 2 722 12
2 2
Ao 20 | 2 8 | 17,27
1L oq | 1t 0 2 2 02
2 2 3 1 | 12— 3 5-
3 g 3t 2 2 22 12
2 2
27 | Do 70 | L 8 | 2737
1T | 4 20 | L 8 | 17 37 0 2 202
1 3— 5~
309 | 1t 3+ 5+ 2 105 .3
2 2 v 2 2 L - 5—
3% 5 2 IR
2t | So 56 | 1 8 |37 27
3 g | L= 37 5— 71—
310 1+ 3+ 5+ 7+ 2 2 72 2 2
3 2032 032 03 - : P ————
Dy 70 1 g 3+ 5+ 3 So 56 3 8 2 02
0 2 2 02 3 10| 3= 8- 71— 9-
110 | 8t 5t 2 2 72 12 132
2 2 72
Do 70 | 2 8 | 27,17
19 | 3+ 5+ 0 2 2 02
2 2 2 1 5— 77—
3 g | 1t 3t st 1+ 31015 ,3
2 2 722 22 12
19 57 17—
2 2 72
3 3— 5— 7— 9—
2 813,232 ,3
1 5— T7—
Ao 20 | 1 8 | 271
3 3— 5— 7— 9—
3 |5 .2.32,3

TABLE 3.5: Quark-model classification of light and strange baryons up to N < 3.

It is also amusing to think about a world without color. The AT carries three up
quarks (uuu) and has all spins aligned (111), which does not yield a totally antisym-
metric wave function — which was historically one of the motivations for introducing
the color degree of freedom. If we wanted to respect the Pauli principle without color,
then Eq. (3.2.69) provides us with the following options:

Dp NDp (octet) ,
Atotal = Ap Sp (decuplet) , (3.2.88)
Sp Ar (singlet) .

With the SU(2) spin wave functions Dg and Sg (but no Ag) we could still construct
nucleons but not A baryons, at least not as ground states.
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M [GeV]
20 r
N(1900) N(1875) A(1920) A(1910)
18
NA710) 1650 N(1720) N(1700) A(1700) ,
o | (1650) A(1600) A(1620)
=z N(1535) wmz N(1520)
wl N(1440)
ol — A(1232)
1.0
— N(940)
1+ 1= 3+ 37 3+ 3~ 1+ 1=
2 2 2 2 2 2 2 2
. + +
F1G. 3.16: Light baryon spectrum for J* = % and % from the PDG.

Light baryons. Let us have a look at the experimental spectrum of light and strange
baryons (Table 3.6). In contrast to mesons, the naming scheme is the same for different
JP channels, i.e., all states with I = % and S = 0 are called nucleons, all states with
1= % and S = 0 are called A baryons, etc. From the point of view of the Poincaré
group, each J channel contains one ‘ground state’ plus radial excitations. Due to
SU(3)y breaking, multiplets with the same I3 and S can mix. This affects the baryons
containing strange quarks (the hyperons): the A states (uds) can be mixtures of 8
and 1 and the ¥ and = states can be mixtures of 8 and 10.

The well established states are the ground states that are also predicted by the quark
model: the octet baryons with J = %Jr and the decuplet baryons with J¥ = %Jr. Their
lightest members are the nucleon (proton and neutron) and the A(1232) resonance.
Since they carry different three-quark spin S (see Table 3.5), their mass difference
of about 300 MeV can be understood as a hyperfine splitting due to spin-dependent
interactions. The A resonance decays almost exclusively into N7 and thus appears as
a prominent peak in N7 scattering.

The N =1 band in Table 3.5 can still be identified with experimental states, e.g. in
the nucleon channel the (1,8) states would correspond to the N(1535) and N(1520),
where the former is the parity partner of the nucleon (see also Fig. 3.16). For the higher-
lying states the quark-model identification becomes more problematic: the N = 2 band
already overpredicts the positive-parity spectrum for %Jr states, and the N = 3 band
contains over 20 negative-parity states which have not been seen in experiments.

An open question concerns the Roper resonance N(1440), which is the first radial
excitation of the nucleon but has properties that are incompatible with the quark model;
for example, its mass is lower than that of the N (1535). The Roper has been suggested
to be a dynamically generated resonance, in the sense that the interactions between
nucleons and pions could generate additional states on top of ggq configurations. This
ties in with the ‘meson cloud’ picture, where baryons are thought to be surrounded
by clouds of light pseudoscalar mesons which change their properties. A similar case
is the A(1405) with J” = 1™ which is also not well described by quark models. From
a microscopic point of view, such effects would signal a multiquark admixture for light
baryons similarly to the meson spectrum. For these reasons, a thorough understanding
of light baryons from QCD remains an open problem.
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M I S %+ %+ g+ %+ %+ %+ %‘F
8 1 0 | N(939) N (1720) N(1680) | N(1990) | N(2220) N (2700)
N (1440) N (1900) N(1860)
N (1710) N (2000)
N (1880)
N (2100)
N (2300)

10 |2 0 | A(1910) A(1232) | A(1905) | A(1950) | A(2300) | A(2420)
A (1600) A(2000)
A (1920)

8,1 | 0 —1 | A(1116) | A (1890) A(1820) | A(2085) | A(2350)
A (1600) A (2110)
A (1810)

8,10 | 1 —1 | X=(1193) | X(1385) | £(1915) | X(2030)

¥ (1660)
¥ (1880)
8,10 | 1 —2 | E=(1318) =(1530)
10 0 -3 Q(1672)
M I S i- - 3 - 9- - 13-
8 10 N (1535) N (1520) N (1675) N (2190) N (2250) N (2600)
N (1650) N (1700) NN (2060)
N (1895) N (1875) N (2570)
N (2120)
10 2.0 A (1620) A (1700) A(1930) A(2200) A(2400) A(2750)
A (1900) A (1940)
81 | 0 —1 | A(1380) A (1520) A (1830) A (2100)
A (1405) A (1690)
A (1670)
A (1800)

810 | 1 —1 | X(1750) ¥ (1670) = (1775)
¥ (1900) ¥ (1910)

8,10 | 1 -2 = (1690) = (1820)

10 0 -3

TABLE 3.6: Light and strange baryon spectrum in terms of J*, isospin I and strangeness S
from the PDG 2020 (https://pdglive.1lbl.gov). Only established states (two-, three- and
four-star resonances) are included. The ground states are shown in color.
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Fi1a. 3.17: Charmed baryon multiplets in the {C' — S, C} plane. The left figure shows the
quark content for each state, where n stands for light quarks.

H uuc udc dde usc dsc ‘ ssc H ucce dce ‘ sce H cce
0 = =0 0 - =
S it xf %2 g Eo Q¢ BN EBL | QL Q..
0 = =0 0 - =
D, &t xf e Shy Ep Qe B EL |k
Do AT = =0
A AF = =0

TABLE 3.7: SU(3)s flavor wave functions for baryons.

Charmed baryons. The extension of Eqs. (3.2.72-3.2.74) to construct the flavor wave
functions of charmed baryons is straightforward: start with a given quark content like
uuc and work out the multiplets. This produces new singlets, doublets and antisinglets,
which are collected in Table 3.7 and add to the former ones to yield

404®4=205® 205, ©20), P44. (3.2.89)

The resulting flavor multiplets are shown in Fig. 3.17 and contain the SU(3) octet,
decuplet and singlet as their bottom levels. As before, because the SU(4)¢ symmetry
is badly broken, states with the same quark content (the same I3, strangeness S and
number of charm quarks C') will mix.

For singly-charmed baryons, the multiplet partners of the JZ = %Jr octet and %+
decuplet baryons are experimentally established, along with a few other states with
different J¥ and some whose quantum numbers have not yet been determined. So far
there is evidence for only one doubly charmed =1t baryon; presumably these would
have a very different structure from light baryons and resemble a heavy ‘double-star’
system with an attached light ‘planet’.

Pentaquarks? Another type of baryon made of charm quarks was recently observed
by the LHCDb collaboration, who found several peaks in the J/vp spectrum in the
4300...4500 MeV region. Since this implies a minimal quark content uudce, it would
be the first experimental evidence for pentaquarks. The proximity of those peaks to
the ¥. D and Y. D* thresholds suggests a molecular explanation in terms of meson-
baryon molecules, in analogy to exotic meson candidates in the charmonium sector.
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Chapter 4

Low-energy QCD phenomenology

4.1 Quark potential models

Among the earliest approaches to QCD have been quark potential models describing
quarks that move nonrelativistically within a hadron. The assumption is that the
QCD interactions dress each quark with a cloud of virtual gluons and ¢g pairs and
in this way transform it into a constituent quark, whose dynamical ‘constituent
mass’ is so large that it becomes nonrelativistic. The energy levels and wave functions
of hadrons are then obtained by solving a nonrelativistic Schrodinger equation using
some assumed potential. While this strategy seems acceptable for truly massive quarks
like b quarks, it becomes questionable for light u, d and s quarks where relativity and
chiral symmetry complicate the dynamics (in fact, in Sec. 4.2 we will see how the
dynamical breaking of chiral symmetry motivates the emergence of such constituent
masses). Nevertheless, nonrelativistic quark models provide a framework for describing
both ground and excited hadronic states and they have proven very useful for a basic
understanding of their properties, in particular also for distinguishing ‘ordinary’ versus
‘exotic’ hadrons. In addition, with experimental indications for multiquark states,
quark models have seen a revival in recent years.

The basic idea is to write down a Hamiltonian for a system of n quarks and/or
antiquarks, where the interquark potential is typically the sum of two-body interactions:

n 2
pA
H:;%Zu +§V(7’z’j), i =TT (4.1.1)

The Schrodinger equation
HUy = F\U, (4.1.2)

then determines the binding energy E) and wave function Wy of a hadronic state |\),
whose mass is given by My = >, m; + E\. Although there is no unique specification
for the interquark potential V', it typically contains a spin- and flavor-dependent short-
range potential, a spin- and flavor-independent long-range confining potential, basis
mixing in the meson and baryon sectors, and relativistic corrections.
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F1G. 4.1: One-photon exchange diagram between two fermions.

Breit-Fermi interaction. A useful starting point for constructing the potential
V(r;;) is the nonrelativistic expansion of the one-gluon exchange interaction in a ¢q
or qq system. The template for this is the analogous one-photon exchange amplitude
in QED, e.g. between the electron and the proton in a hydrogen atom (Fig. 4.1), which
is identical apart from the coupling, the masses and color factors:

2
e _
Mooan(a,p, k) = 2 (pf) V" uo (pi) Un (kg ) v un(ki) - (4.1.3)
We define three independent momenta ¢, p and k by
_ q _ q

Pi=pP— 73, ki=k+3,
! 3 ! 3 = q:pf*pi:/{?i*kf. (4.1.4)

pr=p+g, ky =k—3,

In the standard representation, the onshell spinors have the form

E,+m & p
— ./ = E,=+\p2+m? 4.1.5
o () 2E, [a-r&J’ *TE+m 7 preme, (4.1.5)

where m is the mass of the respective particle. The Pauli spinors satisfy ff,,g(, = g/,
but note that we included a factor 1/,/2E, which corresponds to the ‘nonrelativistic’
Dirac spinor normalization u:rr, (p) ug(p) = dgr0-

To work out the non-relativistic expansion of the amplitude (4.1.3), we expand it in the three-
momenta q, p and k. The spinors become

2
(1 — L) é' B . p2 DT X
~ 8m?2 g — ot 0 ~ T . — — i -
us (p) = [ b } s Ue(p) = us(p)y {ﬁa (1 sz ) o (4.1.6)
and the expansion of the factor 1/¢* in front of the amplitude yields
. -k 1 1 )6k
Frogpy @Ok 1L (1+ (p-4)(d ))7 (4.1.7)
mims q q mimsz

where § = q/|q|. Employing the y-matrices in the standard representation, the resulting amplitude is

dma ¢ (1 1 p-k—(p-@)(k-4) (gxs1) (gxs2)
s ~—— |1 —+— | - —
Mg, p, k) q? { (m? + m%) mime mims

8

n (4.1.8)

is1-(@xp) is2-(gxk) isi-(gxk)—isz-(gxp)
2m?2 2m?2 mime
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with o = e?/(47). Here we suppressed the polarization indices by dropping the unit matrices 6,/ dx/x
in the notation and introducing the spin vectors
T T
(81)0r0 = X1, 5 Xos (82)x = xb 3 XA (4.1.9)
Note that all instances of p and k in the above expression are transverse in g, so we could as well
replace p — p; y and k — k; y which only differ by +¢/2. Finally, we take the Fourier transform with
respect to g using

S 1
i
/d ¢ e g® | _ L |4mré(r) (4.1.10)
@m) g | . . drr |1 N L 7
qi q; 2 (5“ — 37 T‘/,') + N 1) (7‘) 62']'
4 q; .
| 3 (8i — 7i75)

where # = r/r and r = |r|, to arrive at the final expression below.

The resulting Breit-Fermi interaction is the three-dimensional Fourier transform
of the one-photon exchange amplitude (4.1.3) in the non-relativistic limit:

d3q iq-r
V(r,p,k) = o) M(q,p, k)
=« —*+Td+7+8153('r)Tss+ ten S; T 1o (4111)
r r 3 r

It is identical for a fermion-fermion and fermion-antifermion system, and apart from
the color factor (which we discuss below) it can be directly carried over to QCD to
establish a non-relativistic ¢¢ and ¢ interaction potential between (onshell) quarks.

m The first three terms in Eq. (4.1.11) are the Coulomb term, the Darwin term and
the orbit-orbit interaction, which are all spin-independent:

Ti= 5 (ot o) ), 1= EEEETED), (1112)

2 \m?2  mi 2mims

m The next two terms constitute the hyperfine interaction, which consists of a
spin-spin contact term and a tensor force:

81 89 381'? 82'1’3 — 8182
T, = g, =) (s7) ‘
mima mima

(4.1.13)

It arises from a magnetic dipole-dipole interaction, since the Fourier transform of the
term (g x s1) - (q@ x s2) is proportional to

(51X V) (52 x V) - =51 |V x ((s2x V) 1) | xx 81+ B, (4.1.14)
Fmn [V (o )]

where Bs is the magnetic field produced by the magnetic dipole moment s3. Spin-spin
interactions of the form s; - s in the Hamiltonian induce level splittings between states
with different spin, which leads to mass formulas of the form

H=---+cs1-s9+... = M:-"+C<81'82>+... (4115)
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If we write the total spin of a two-fermion system as S = s; + s2, we have

3
S(S+1)—3
2 )
which generates the mass splittings between pseudoscalar (S = 0) and vector mesons
(S = 1). For baryons, the hyperfine interaction is responsible for the dominant mass
1 3

splittings between the ground-state octet (S = 5) and decuplet baryons (S = 3).

S? = S% + 8% +281-8, = <81 . 82> = (4.1.16)

m The remaining two terms constitute the spin-orbit interaction:

-(rxp)_SQ-(rxk)

S0 2m% Qm% 9 te) mims . i
For example, for m; = mg = m and in the frame where k = —p, this yields
3(s1+s2)-L 3L-S
TV + 17 = = L= : 4.1.1
SO + SO 2m2 2m2 ) r X p ( 8)
The resulting mass splittings can be estimated from J? = (L + S)? as
1
(L-S>:§(J(J—|— 1)=L(L+1)—-S(S+1)). (4.1.19)

For orbital ground states (L = 0 and thus J = S) the spin-orbit interaction does not
contribute. For L = S # 0, it leads to splittings between states with different J, e.g. for
the charmonium states {Xco, Xc1, Xe2} with J©¢ = {0,1,2}*F, which carry S = L =1
and only differ in their total angular momentum J (see Fig. 3.14):

(L-8)= % (J(J+1)—4) = {-2,-1,2}. (4.1.20)

For baryons, spin-orbit interactions are generally small and usually neglected. (In the
hydrogen atom with m. < m,, the spin-orbit force beats the spin-spin interaction and
gives rise to the atomic fine structure effects.)

It turns out that Eq. (4.1.11) is quite general. If we had started from a different
amplitude with scalar, pseudoscalar, axialvector or tensor particle exchanges, we could
still split the resulting potential into spin-independent and spin-dependent terms:

V =Vo+ (...) + Vas Tos + Voen Tren + VAV T + VO T2 (41.21)

SO SO

The spin-dependent terms can be expressed through derivatives of Vy(r), e.g., for a
general vector-exchange potential one finds

/ /
Vvss = gA‘/Oa Vten = 1 <VYO - VE]”> ; ‘/;E)l) = ‘/55)2) = E’ (4122)
3 3\ r r
where A is the Laplace operator and a Coulomb potential corresponds to Vy = —1/r.
A scalar exchange only leads to a spin-orbit interaction,
V/
‘/SE)I) = _70 ; ‘/ss = ‘/ten = ‘/SE)Q) = U, (4123)

whereas a pseudoscalar exchange does not produce spin-dependent terms at all. Axi-
alvector and tensor exchanges only contribute to V.
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Color factors. In order to apply the Breit-Fermi potential to QCD, where the photon
is replaced by a gluon, we must also work out the color algebra since gluons couple to
quarks through the SU(3). generators t,. If we denote the generators in an arbitrary
SU (3) representation by t, and write

=) 2 =C(R), (4.1.24)

then the Casimir in a general SU(3) representation is given by
_ 3p+3¢+p*+pg+q?

= 3 )
where p and ¢ are the quantum numbers that label the multiplets, cf. Eq. (B.2.7) in
the appendix. This yields

C(R)

(4.1.25)

C(1)=0, C3)=C@) ==, C6)=C®B)=-, C@8) =3, etc. (41.26)

If we write

tty =) t @1, (4.1.27)
a

where 1 and 2 refer to the particles on which they act, then the generator in the product
space is t13 = t1 + ty with t%Q = (12, t% = () and t3 = Cy. As a consequence,

Crp —C1 — Oy
-
For an attractive color potential we must have t; - to < 0. Because quarks and
antiquarks live in the 3 and 3 representations, one has C; = Cy = % both for ¢g and qq
systems which entails C12 < % for an attractive potential. From Eq. (4.1.26) this only
leaves color-singlet mesons and color-antitriplet diquarks (or color-triplet antidiquarks):

th=ti+t5+2t-tb = ti-ty= (4.1.28)

4 —. 4 2
012(1) =0 = t;-ty= —5, 012(3) = g = t1-ty= —§ . (4.1.29)
Thus, the ¢q color interaction in the color-singlet meson channel is maximally attractive,
whereas in the color-octet channel with Cj2(8) = 3 it is repulsive. Likewise, the

interaction between two quarks in the 3 channel is attractive, with a color factor half
as strong as for mesons, whereas in the 6 channel it is repulsive. This is relevant for
the binding of baryons, since from

33®3=306)©3=13838®10 (4.1.30)

a 3 diquark can bind together with the remaining quark to form a color-singlet baryon.
One can furthermore show that

fabe (ta)it (t6) jm (te)kn Etmn = 0. (4.1.31)

This is the color factor stemming from a three-gluon vertex (fqs.) that is connected to
three quarks, which are then contracted with the antisymmetric color wave function
of a baryon (€;,,). Hence, the leading three-body force in a baryon mediated by a
three-gluon vertex vanishes! This suggests that the internal structure of baryons is
dominated by two-body forces in the attractive 3 diquark channels.
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Potential in QCD. What would the interquark potential look like in QCD?

m At short distances, by means of asymptotic freedom, we expect a Coulomb-like
potential V(r) o< —1/r mediated by the massless gluon. Here we could take over
the Breit-Fermi interaction (4.1.11), replace e — a5 and attach a color factor 4/3
for the ¢ interaction and 2/3 for the gq interaction (the minus signs are already
implicit, e.g. in the Coulomb term), or just start with the Coulomb term alone.

m At large distances, we expect a linear confinement potential Vo, = or, where
o is called the string tension. This is motivated from several angles, including
the observed mass orderings (Regge phenomenology) and lattice calculations of
the Wilson loop in pure Yang-Mills theory.

Two examples of how to interpolate between a single gluon exchange at short distances
and confinement at large distances are the Cornell and Richardson potentials:

dovg

VC(T) = - 3r + ar,
L iy . (4.1.32)
r(r) = 3 B q? In(1+q2/A2) |’

where the latter also incorporates asymptotic freedom in terms of a logarithmic running
of the coupling (FT denotes the Fourier transform).

From the discussion around Eq. (4.1.21), the generic structure of the potential is
not limited to a gluon exchange. For example, we could distribute the confinement
potential between a scalar and vector exchange potential by a parameter 0 < ¢ <1,

V():VS—I-VV:(l—f)UT—F(ﬁar—%), (4.1.33)

where £ = 0 corresponds to scalar confinement and £ = 1 to vector confinement.
According to Eqs. (4.1.22-4.1.23), this yields
1 W — V¢

2 |
V:%+()+§AVVTSS+§ <7Y_V‘//{> Tten“‘#Ts(ol)"‘

/
%Ts(f). (4.1.34)
Fits to the charmonium spectrum based on this expression have suggested that con-
finement is predominantly scalar.

One should keep in mind that the concept of a potential does not account for the full
dynamics as it assumes interactions to be instantaneous. More generally, one expects
a large-distance behavior o< r for the ¢g four-point function in Eq. (3.1.135), since
this is the quantity related to the Wilson loop (for infinitely heavy static quarks).
The dynamical origin of confinement is still under debate and has been attributed to
center vortices, or to the formation of color-electric flux tubes and the condensation of
color-magnetic monopoles in the dual superconductor picture. Diagrammatically,
it is conceivable that confinement may only arise from complicated combinations of
gluon exchanges. On the other hand, the full quark-gluon vertex in QCD has a more
general structure than the v* part, cf. Eq. (2.3.16), and a gluon exchange with a full
propagator and full vertices also contains scalar parts. In Landau gauge, the scaling
solution mentioned below Eq. (2.3.25) indeed generates a ¢q interaction o 1/¢* which
leads to a linear rise in coordinate space.
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Quark models for baryons. In order to construct a Hamiltonian (4.1.36) for baryons
with n = 3, let us assume equal constituent masses m; = m. It is convenient to
introduce a center-of-mass coordinate R and two relative coordinates p and A,
T+ To+ T3 L — T 1+ 79 — 2713
R=——F—— ) P = ) A=——7—— 3
V3 V2 V6

because in this way one can remove the center-of-mass motion (which would have led
to spurious excitations) to arrive at

(4.1.35)

H= pp Ly Lo 24y V). (4.1.36)

1<J

We could start with a harmonic oscillator potential V (r;;) = kr, /2, which because
of >, r?j = 3 (A% + p?) leads to two independent spherical harmonlc oscillators

2 2
p 3k p 3k
H= (22420 p Py 2%z 4.1,
<2m+2p>+<2m+2 (4.1.37)

with frequency wy = 1/3k/m. The resulting baryon spectrum is then Ex = Ey+ Nwy,
where Ej is the ground-state energy, N = 2n +1, n = n, +ny and [ = [, + [, and
ne and [, are the radial and orbital excitations of the oscillators. The total angular
momentum J = L + S is the sum of the total quark spin § = ), s; and the orbital
angular momentum L = [, + Iy, which takes the values L = |, — [)]...[, + [y. The
parity of a given state is P (—1)!. For example, the ground state is given by

mw

Pgrd = (WO)S exp [f%( +A%)|. (4.1.38)

Combined with SU(6) for spin and flavor, where the quarks are assigned to the fun-
damental 6 representation (u 1, d 1, s T, w |, d |, s | ), the harmonic oscillator
potential results in the band structure discussed earlier around Table 3.5.

A pure oscillator spectrum with Ey o< IV does not describe the baryon spectrum par-
ticularly well, since all states in Table 3.5 with the same N would be mass-degenerate.
However, it provides a useful calculational basis for further refinements. For example,
one can solve the Schrodinger equation in terms of the oscillator potentials and evaluate
anharmonic parts of the potential perturbatively in the oscillator basis.

The prototype of a nonrelativistic quark model is the one by de Rujula, Georgi and
Glashow from 1975. It employs the Breit-Fermi interaction for one-gluon exchange,
which breaks SU(3); symmetry due to the different light and strange-quark masses
and SU(2) spin symmetry due to its spin-dependent interactions. For ground states
the important part is the spin-spin contact interaction, which leads to mass formulas

of the form
20 8T S-S
M= ; S (8 A 4.1.
> mi+ 3 3 <5 (T)Zmimj> (4.1.39)

i<j
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(20,1+)
(70,2%)
(567 2+) N — 2
(70,0%)
(56,0%)
N =
(70,17)
(:8)3"
(578)%
L, N=0 3,10) 3%
56,0
(56,09 (395"

F1G. 4.2: Baryon mass splittings in the quark model (same notation as in Table 3.5).

In the limit of SU(3)¢ symmetry, the mass splitting from the spin-spin interactions can
be determined like in Eq. (4.1.16) from S = s1 + s2 + s3 and therefore

S(S+1)-2
S (51 - 82) = (+2)4 _ i% (4.1.40)
1<j

In this way, the ground-state octet baryons satisfy

MN = MO +3mn7
My = My = My + 2my, + ms, (4141)
M= = My + mg, + 2myg

where m,, s are the light and strange quark masses and the decuplet masses only differ by
the spin splitting. This reproduces phenomenological Gell-Mann-Okubo relations
such as Ms+ — My, = M=« — M=, whereas for ms # m, they pick up corrections.

Another influential quark model has been the Isgur-Karl model, which imple-
ments a harmonic oscillator potential together with an anharmonic perturbation, a
confinement part and a hyperfine interaction. The spin-orbit interactions are neglected
since their inclusion would spoil the agreement with the spectrum (the resulting mass
splittings tend to be too large). This leads to the pattern in Fig. 4.2, where the split-
ting between the N = 0 states is due to the spin-spin contact term, the splittings in
the N =1 band come from the spin-spin contact and tensor terms, and the splittings
between the SU(6) multiplets in the N = 2 band are due to the anharmonic perturba-
tion. The Isgur-Karl model provides a good description of the light and strange baryon
spectrum but also predicts more states than observed; however, it also predicts that
most of those unobserved states are weakly coupled to the 7N channel.

Many quark potential models have been constructed following up on the early
developments, including relativized models, flux-tube and instanton-induced models,
Goldstone-boson exchange models, diquark-based models and more.!

!For a review, see Capstick and Roberts, Prog. Part. Nucl. Phys. 45 (2000) 241, nuc1-th/0008028.
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4.2 Spontaneous chiral symmetry breaking

In the quark model, the ‘constituent-quark masses’ enter as input parameters which
cannot be further explained. How do they come about in QCD? This ties into the
question of mass generation: if the light up and down quarks in the QCD Lagrangian
have masses of a few MeV, how is it possible that the masses of the proton and other
hadrons are of the order of 1 GeV? In fact, we could even set m, = my = 0 and
we would still get a proton mass not far from its physical value, so the overwhelming
contribution to its mass must be generated in QCD.

Earlier we have seen that regularization introduces a scale. Without a scale in the
theory, from a massless Lagrangian we would expect all hadrons to be massless as well,
so the anomalous breaking of scale invariance is a necessary component. The other
component is spontaneous chiral symmetry breaking (SySB). We will see that
this mechanism plays a quite important role in the light hadron spectrum: it is not only
responsible for the Goldstone nature of the pions, but also the origin of the constituent-
quark masses which produce the typical hadronic scales of ~1 GeV.

Spontaneous symmetry breaking. Let us go back to the beginning of Sec. (3.1) and
start with some general considerations. Suppose ¢; are a set of (potentially composite)
fields which transform nontrivially under some continuous global symmetry group G:

¢} = Dyj(e) ¢ = (eiZGE“t“)ij 6 =i+ 00,  Spi=iy ealta)ijdj, (42.1)

where ¢, are the group parameters, the t, are the generators of the Lie algebra of G in
the representation to which the ¢; belong, and D(e) are the representation matrices.
The quantum-field theoretical version of this relation is

eiZa €aQa ¢’L e_i Za €aQa B D;]l(g) d)j . (422)

where the charge operators (), form a representation of the algebra on the state space.
Expanding the exponentials on both sides, we obtain for each &,:

(Qa, i) = —(ta)ij &5 - (4.2.3)
We have encountered examples of this relation earlier:
m Eq. (3.1.71) for the quark field operators under a vector transformation;

m Eq. (3.1.68) for the collection of composite fields {S(x), Sy(x), Po(z)} under axial
transformations (that this is a manifestation of the same relation will become
clear in the discussion of the sigma model in Sec. 4.4.1).

If the symmetry group leaves the vacuum invariant, e*®¢@a |0) = |0), then all gen-
erators (), must annihilate the vacuum: Q,|0) = 0. Hence, when we take the vacuum
expectation value (VEV) of Eq. (4.2.2) we get

(01¢:/0) = D7 () (0], 0). (4.2.4)
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If the ¢; had been invariant under G to begin with, this relation would be trivially
satisfied. Because they transform nontrivially, Di_jl(s) is not the identity matrix for all
€4 and so these vacuum expectation values must vanish:

Quloy=0 = (0]¢:[0) =0. (4.2.5)

This is the "Wigner-Weyl’ realization of a symmetry, which simply means that the
symmetry is unbroken.

On the other hand, if an operator that is not invariant under G develops a nonzero
vacuum expectation value (0 |¢;| 0) # 0, then the symmetry G is spontaneously broken.
This is the 'Nambu-Goldstone realization’ of the symmetry, in which case we find

(01[Qa, ¢:] 0) = —(ta)ij (0]¢;10) # 0. (4.2.6)

Then we would conclude that the charges do not annihilate the vacuum: Q,]0) # 0.
Since the symmetry is classically realized, they still commute with the Hamiltonian
and we have found another energy-degenerate vacuum:

Qal0) =[n) #0, H[0) =0 = Hln) = HQa|0) = Q.H[0) = 0. (4.2.7)

Unfortunately we have to be careful with these statements because in the case of spon-
taneous symmetry breaking the charges are not well defined. |n) is not a normalizable
state, which we can see from using the definition of the charge (3.1.5) together with
translation invariance:

(nln) = (0] Q7 |0) :/d?’x/d?’y (0] ja () ja(y) |0) = oo (4.2.8)
Fortunately, commutators involving the charges are still well-defined, so when dis-
cussing spontaneous symmetry breaking we should start from Eq. (4.2.6). To prove

the Goldstone theorem, we insert the completeness relation (2.2.5) in that equation
and follow the same steps as when deriving the spectral representation:

<mmmmmwm=/fumWM¢mN»
dgp i —1ipx * ipT

=2 5 (Raa(0) 7™ 4 B2, (0) ™)
A

(4.2.9)

= Z}\: WZL)\ Re { Ry (0) e ™70} = const.

In going from the first to the second row we used translation invariance (2.2.11) to
factor out the phases e** and we defined

(0172 (0) M)A 6(0) [0) = iRax(p) - (4.2.10)

The integral over d3z produces 6°(p), so that py = E, = (p? + m3)'/? becomes m,.

By translation invariance, the VEV (0|¢;(x)|0) = (0]¢;(0)|0) on the right-hand side of
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Eq. (4.2.9) must also be independent of zp, whereas the left-hand side still contains
in the exponential. Thus, if the VEV is nonzero, the above requirement can only be
met if for each charge @, there is a mode |\) with
Rox (0
my=0 and Fo0 £0. (4.2.11)
mx

Thus, for each generator that does not leave the vacuum invariant there is a massless
Goldstone boson, which has a non-zero vacuum overlap (0] 72(0) |\) and (0] ¢(0) |A).
The other modes with m) # 0 (excited states) must have Ry (0) = 0.

SxSB in QCD and chiral condensate. How does spontaneous breaking of chiral
symmetry come about in QCD? The Goldstone theorem does not tell us why a non-
zero VEV appears, it only says that if there is a non-zero VEV, we must have massless
particles in the spectrum. Therefore, we must first identify potential candidates for
vacuum condensates that break chiral symmetry. From Eq. (4.2.10) we already see
that the ‘field’ ¢(0) will have to be a composite operator, since only those produce
overlaps with hadronic states.
Let us go back to the quark propagator,

Sap(® —y) = (0T Ya(z) P5(y)10), (4.2.12)

and contract it with either of the Dirac matrices I' € {y#, y*vs, 1, i75} and flavor
matrices {tq, 1}. This gives us the vacuum expectation values of either of the currents
in Eq. (3.1.23):

~Lgata Sap(0) = (0] jz (0) |0). (4.2.13)

Because of translation invariance, they cannot depend on x and must be (dimensionful)
constants. Due to Lorentz and parity invariance these must all be zero, with the only
possible exception of the scalar condensates which carry the quantum numbers of
the vacuum (0*1):

(01 54(0) 0) = (0 9(0) ta %(0) [0} ,
(015(0) 0) = (01 ¥(0)%(0) [0) = ().

Here we put a tilde on the scalar densities S and S, to avoid confusion with the
quark propagator. Actually, if SU(Ny) were unbroken, all flavor non-singlet scalar
condensates would vanish as well. From Eq. (3.1.57) one can derive

[ (‘1/7 Sb<x)] = Z.fabc gc(x) ) (4.2.15)

(4.2.14)

and since unbroken SU(Ny)y implies QY|0) = 0, the VEV of this relation vanishes.
The singlet condensate is then identical for all flavors:

(0]S,(0)]0) =0 = (@u) — (dd) =0, (au) + (dd) — 2(5s) = 0, (4.2.16)

and therefore (@wu) = (dd) = (5s) = (})) /3.

Finally, in the discussion below Eq. (3.1.47) we saw that a scalar bilinear of quarks
breaks chiral symmetry, i.e., it breaks SU(Nf)a x U(1)a. Thus we have a potential
candidate for a condensate that breaks chiral symmetry. In a chirally symmetric theory
of massless quarks, this quantity should vanish — but does it?
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Fr1c. 4.3: Quark DSE.

Quark mass function. Since the quark condensate is the trace of the quark propa-
gator, let us have a closer look at the propagator itself. For the following discussion
we temporarily switch to Euclidean conventions to avoid cumbersome factors of ie.
The transcription rules between Minkowski and Euclidean space can be found in Ap-
pendix C, but all we need to remember in the following is p? = —p% and the quark
propagator in Euclidean conventions (we drop the subscript E):

1 —ip+ M(p?)

S(p) = . 4.2.17
) A(p?) p? + M(p*)? ( )

Recall the quark Dyson-Schwinger equation (DSE) in Fig. 4.3,
S7Hp) = AWP?) (ip+ M(p?)) = Zo(ip + Zmm) + 2(p) , (4.2.18)

where M (p?) is the quark mass function and (p) the self-energy incorporating the
quantum effects, which in one-loop perturbation theory reduces to Eq. (2.3.46). To
obtain the quark condensate for a particular flavor, we need to take the Dirac and
color trace of the quark propagator, which singles out the term with M (p?) and gives a
factor 4N,. In addition, setting  —y = 0 corresponds to an integration over d*p/(27)*
in momentum space, which from Eq. (C.0.32) entails

4
/(gﬂ@ f?) = (471T)2 /dp2p2f(p2)- (4.2.19)

Thus we arrive at?

d* N, 2 M (p?
— () :Nc/(27£4 T 50) = .5 /dpQA](Op2) p2+]$5(;2)2. (4.2.20)

The functions M (p?) and A(p?) should be positive for spacelike momenta p? > 0. Since
for a chirally symmetric Lagrangian (m = 0) we expect the condensate to vanish, and
because the condensate is proportional to the integrated quark mass function, this
means that the quark mass function should be zero for all p?>. The resulting quark
propagator is then chirally symmetric: {75, S(p)} = 0.

Indeed, this is what happens when we evaluate the self-energy order by order in
perturbation theory, see Fig. 4.4. In the massless theory, the tree-level propagator is
proportional to p and the tree-level vertex is proportional to 7#, so they both contain
one v matrix. However, every possible perturbative diagram has an odd number of
~ matrices whose Dirac trace vanishes. In this way, we can never generate a mass
function and M (p?) = 0 to all orders in perturbation theory!

2Strictly speaking we should also attach a factor Z2Zy,, since the condensate renormalizes like the
mass term in the Lagrangian and the product m(y1) is renormalization-point independent.
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F1G. 4.4: Perturbative expansion of the inverse quark propagator. In massless QCD, each
Feynman diagram contains an odd number of v matrices whose trace vanishes.

On the other hand, we can generate a non-zero mass function nonperturbatively,
which can already be illustrated in simple DSE models. Apart from renormalization
constants, the exact expression for the self-energy is

4
S(p) = °Cr [ (jﬁ’; 2 S(4) T (g, p) D" (k) (4.2.21)

which depends on the full gluon propagator and quark-gluon vertex. Let us assume
that the quark-gluon vertex remains at tree-level, so that only the internal quark and
gluon propagators are dressed (‘rainbow truncation’). In Feynman gauge the gluon is
diagonal in its Lorentz indices, so we can write the self-energy as

S(p) = / d*ky" S(p + k) v D(k), (4.2.22)

where D(k) is proportional to the gluon propagator and absorbs all prefactors. Thus,
if we can find a good ansatz for D(k), we can solve the Dyson-Schwinger equation
S571(p) = ip+m~+X(p) for the quark propagator. D(k) must be a scalar function of the
gluon momentum k2 with mass dimension —2. At large k2 it should be proportional to
QCD’s running coupling, D(k?) o< as(k?)/k?, because this is where quarks and gluons
become asymptotically free. In the following we employ two rather crude models: one
where the gluon propagator is localized in momentum space and another one where it
is localized in coordinate space.

Munczek-Nemirovsky model. In this case the gluon propagator is just a d-function
peaked at the origin, equipped with some mass scale A:

D(k) = A? 6% (k). (4.2.23)

Here the self-energy can be integrated analytically, so the model is UV-finite and instead
of imposing renormalization conditions we can set all renormalization constants to 1
(as we already did above). The result is

— A2 1 no_ 27#(_i¢+M>7ﬂ: 2 Z}6+2M
S(p) = A" S(p)" = A M)A 2A RrMDA

(4.2.24)

where we suppressed the momentum dependencies of A(p?) and M (p?) to avoid clutter.
Putting this back into the DSE leads to selfconsistent algebraic equations for the two
quark dressing functions:

2A2 2A2

A=14—"2 AM = oM — 2
+(p2+M2)A’ me (p? +M?)A

(4.2.25)
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»

P’ 1

F1a. 4.5: Quark propagator in the Munczek-Nemirovsky model (left) and NJL model (right).
The solid lines are the results in the chiral limit and the dashed lines exemplify the solutions
for m # 0.

In the chiral limit (m = 0), we see from the second equation that the trivial solution
M = 0 is always possible. It leads to a quadratic equation for A whose result is

M@p?) =0, ApY)=1 (1 +/1+ 8A2/p2> . (4.2.26)

It has the correct perturbative behavior for p? — oo, namely M = 0 and A — 1, so it
reverts the quark propagator back to its tree-level form and preserves chiral symmetry.
On the other hand, A(p?) diverges for p> — 0, so this cannot be the whole story. Indeed
there is another solution with M # 0:

M(p®) = /A2 —p2,  A(p*) =2. (4.2.27)

It breaks chiral symmetry and is finite in the infrared. Both solutions are connected
at the point p? = A2, see Fig. 4.5. This is the typical shape of an order parameter of a
spontaneously broken symmetry, like the magnetization in a ferromagnet when plotted
over temperature. If we switch on a quark mass m # 0, the curves become smooth (in
the ferromagnet this corresponds to a background magnetic field).

Despite the simplicity of the model, these results already capture the essence of more
realistic DSE calculations. At large momenta, M (p?) is the renormalized current-quark
mass in the Lagrangian. When lowering the momentum, the onset of the non-symmetric
phase sets in at some typical hadronic scale A, below which a mass is spontaneously
generated. The mass function in the infrared defines the quark mass at low momenta
that is relevant for hadrons, so it can be viewed as a ‘constituent-quark’ mass scale.
Thus, the quark mass function encodes the transition from a current quark at large
momenta to a constituent quark in the infrared, and this effect cannot be described in
QCD perturbation theory.

If we insert the combined solution in Eq. (4.2.20), the resulting quark condensate in
the chiral limit becomes

—(uu) =

A2
N, /A2 — p? 2 N
dp? p? r_ = A3 (4.2.28)
(2m)? 2A2 15 (2m)?

0

With A = 1 GeV we even get a reasonable numerical value: —(@u) ~ (220 MeV)3.
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NJL model/contact interaction. The shortcoming of the Munczek-Nemirovsky
model is that it does not have a critical coupling: a non-trivial solution for the quark
mass function and thus a chiral condensate exist for any A > 0. The gluon propagator in
Eq. (4.2.23) is localized in momentum space because of the j—function. We could take
the extreme opposite and localize it in coordinate space, which results in an effective
four-fermi contact interaction between two quarks where the gluon shrinks to a point
and is integrated out. This is the NJL model (Nambu, Jona-Lasinio), where the
momentum dependence of the gluon is simply a constant:

1 c

Dk) = Gryz 32

(4.2.29)

In this case it is more convenient to integrate over the quark momentum ¢ =p — k
instead of k£ in (4.2.22). However, now the self-energy integral must be regulated
because it is divergent. We could impose a sharp cutoff at ¢ = A2, so that the gluon
propagator is a constant up to some scale A and vanishes above. As a consequence,
the integrand no longer depends on the external momentum p,

1 ¢ 1 ¢ 2 g+ 2M(g?
S0 = e 37 | 197507 = e [ iy e 029

which means that 3(p) is constant and therefore A and M will be constants as well.
The integral over ¢, which is the self-energy contribution to A, vanishes and we get
A = 1. The equation for M becomes:

Y
y+a

1
Mzm—i—cM/dy =m+cM[1—aln(l+1)] =m+cM f(a), (4.2.31)
0

where we set y = ¢?/A? and a = M?/A%. The function f(a) satisfies f(a) < 1 and
f(0) = 1. In the chiral limit we obtain the algebraic equation

M =cM f(a), (4.2.32)

which returns again the trivial solution M = 0, but also a nontrivial solution where M
as a function of ¢ is determined from the equation f(a) = 1/c. Because f(a) < 1, this
solution only occurs above a critical value ¢ > 1.

The result is shown in Fig. 4.5: In contrast to the previous case, the dynamical
quark mass M is no longer a mass function that depends on the momentum but just
a constant; however, it depends on the coupling strength ¢ and vanishes for ¢ < 1.
Above that value, chiral symmetry is spontaneously broken. If we plug the result
into the chiral condensate (4.2.20) using the same cutoff, we obtain the same form as
in Eq. (4.2.28) except that the prefactor 2/15 is replaced by M(c)/(cA), which also
vanishes for ¢ < 1.

In general, the gluon propagator is neither a §—function nor a constant, and the
spontaneous breaking of chiral symmetry will not only generate a mass term for the
quark propagator but also chirally asymmetric terms for other correlation functions
with quark and antiquark legs such as the quark-gluon vertex. Nevertheless, both
models encode general features:
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F1a. 4.6: Axialvector WTT for the three-point functions (left) and current correlators (right).

» Implementing a scale A was necessary to make them work. If we replace A? by
k% in Eq. (4.2.23), the self-energy vanishes. In the NJL model, A is the regulator
which cannot be removed. The quark mass function and other dimensionful
quantities such as the chiral condensate, and eventually the masses of hadrons,
are then proportional to this scale, so that SySB can be viewed as the mass
generation mechanism in the fermion sector of QCD.

m SxSB is a critical phenomenon: if the combined strength from the gluon propa-
gator and quark-gluon vertex (the ’effective’ running coupling) exceeds a critical
value, a quark mass is generated dynamically; otherwise we remain with the
chirally symmetric solution.

m In contrast to effective theories of QCD, where the terms that trigger SxSB al-
ready appear in the Lagrangian, the QCD Lagrangian tells us nothing about
whether chiral symmetry is preserved at the quantum level or not. Its sponta-
neous breaking is a purely dynamical effect induced by the strong gluonic inter-
actions, hence the name dynamical chiral symmetry breaking (DCSB).

Gell-Mann-Oakes-Renner relation. Now let us return to the Goldstone theorem.
We have explored the origin of SxYSB and identified its order parameters: the scalar
quark condensate or, equivalently, the quark mass function. Hence, any other quantity
that depends on the mass function (and vanishes if the mass function does) will break
chiral symmetry as well. In Eq. (3.1.143) we found that, as a simple consequence of the
PCAC relation, either a pseudoscalar meson’s mass or its electroweak decay constant
must vanish in the chiral limit:

Amd=2mr, 2=, 0. (4.2.33)
Therefore, if we can show that the pion decay constant f is also proportional to the
mass function and comes about by SySB, we must have massless pions.

The right place to look for such a relation is the axialvector WTI in (3.1.81), which
is pictorially shown in Fig. 4.6. On its 1.h.s. we have the difference of the G4 and Gp
three-point functions; the r.h.s. is the sum of quark propagators multiplied with ~s5. If
we multiply again with 5 and take the trace, we get a difference of AP and PP current
correlators on the left and the quark condensate on the right. When inserting the
completeness relation, both terms contain pseudoscalar poles only, where the residues
depend on f) and r) as given in Eq. (3.1.144). Moreover, the hadronic poles must cancel
out between G4 and Gp because the quark propagator does not have such poles. In
this way we should be able to establish a relation between f, and (1)).
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Let us start directly from the WTI (3.1.72) for the AP current correlator:
0 (O[T A () P,(0)[0) — 2m (O[T Pa(x) Py(0)]0) = (") (0] [Aq(x), Po(0)] [0) . (4.2.34)

We already inserted the PCAC relation for the PP term. If we integrate over d*z on
the r.h.s., we obtain the vacuum expectation value of the commutator that we derived
earlier in Eq. (3.1.68),

(0] [Q2', Po(0)] 0) = —i(0| f\‘;]’jS(oHdabc +(0) \o>——¢f§;<¢¢>, (4.2.35)

where only the singlet condensate survives in the limit of exact SU(Ny)y. This is the
representative of the generic equation (4.2.6): since the condensate which is not in-
variant under axial symmetries is the scalar condensate and the respective charges are
the axial charges, the corresponding field (; must be the pseudoscalar density. For the
Lh.s. in Eq. (4.2.34), we insert the spectral decompositions of the AP and PP current
correlators from (3.1.144) and (3.1.145) and integrate over xz. This means taking the
limit p — O:

lim Z P2 s Z i S Oap = <¢¢> (4.2.36)

p—0 m + i€

where we used the relation fy m%\ = 2mr) in the second equality. The poles cancel
indeed, and we arrive at the result that if chiral symmetry is realized and the quark
condensate vanishes, all combinations ry f\ must vanish as well; if it is spontaneously
broken, there is at least one mode where both ry and f) are nonzero. Since fy # 0 in
that case, we must have my — 0, i.e., a massless Goldstone boson.

Each |\) corresponds to one of the generators, so there is a massless Goldstone boson
for each generator t, (for three flavors with SU(3) 4 x U(1) 4 this means a pseudoscalar
octet and a singlet). In turn, the decay constants f) must vanish for the remaining
excited states with my # 0, so we can remove the sum in the equation above and write

W)

4.2.
o (4:2.37)

T)\o f)\o = -

where |\g) is the ground state in each channel. If we substitute r), by the condensate
and insert it in Eq. (4.2.33), we obtain the Gell-Mann-Oakes-Renner (GMOR)
relation,

f2om3, = —2m -+ (4.2.38)

which is valid for each member of the lowest-lying pseudoscalar octet and singlet. (In
the singlet case it only holds if we ignore the anomaly.)

All in all, SxSB has important consequences for the light hadron spectrum: It
generates a large dynamical quark mass function, which translates to a large mass
contribution for hadrons made of quarks and antiquarks even in the chiral limit. The
pseudoscalar meson masses, on the other hand, behave like m%s o« mg and vanish for
mg — 0 as shown in Fig. 4.7.
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SU(Ny)y breaking. So far we have assumed that all
quark masses are equal, m, = mg = ms. In the case
of SU(3)y breaking, we have to go back to the general
PCAC relation (3.1.38) and evaluate the anticommu-
tators, and also keep the dgp. terms in Eq. (4.2.35). In
this case the form of the GMOR relation remains the
same for each generator with index a if we replace the
quark mass m by

)

Mpsg

a=1,2,3: %(mu—kmd),
a=4,5: %(mu—l—ms),
a=6,7: 3(mg+ms), (4.2.39)
Fic. 4.7: Generic dependence a=8: 1 (M + Mg + 4my)
of hadron masses on the current- 6 ’
quark mass a=0: % (my + mg + myg) ,
and the condensate accordingly:
) uu + dd uu + 5
<¢3¢> — <““; ) (a=1,2,3). <““2+55> (a=4,5), etc.  (4.2.40)
Then we get for the pions and kaons:
f2m? = _w (au+ddy,  fEmi = _% (au+ss).  (4.2.41)

Inserting the experimental values® fr ~ 92 MeV, m, ~ 140 MeV and assuming an
average quark mass m,, = mg = 3.5 MeV yields (au) = (dd) ~ —(280MeV)?. The same
estimate for kaons (fx ~ 110 MeV, mg ~ 494 MeV, ms ~ 120 MeV) gives us (3s) =~
—(290 MeV)3. The renormalized quark masses and condensates are renormalization-
point and -scheme dependent; the values quoted here are consistent with lattice QCD
results* obtained in an MS scheme at p = 2 GeV.

Strictly speaking, the GMOR relation as it stands is only valid in the chiral limit
because the quark condensate is only well-defined for m = 0. We can see this from its
definition (4.2.20) as the momentum integral of the quark mass function: In the chiral
limit, M (p? — oo) vanishes like 1/p?, so the integral only diverges logarithmically and is
renormalized by Z2Z,,. For m # 0, the one-loop result in Eq. (2.3.88)) entails that the
mass function vanishes logarithmically and therefore the integral diverges quadratically.
In this case, fy m?\ = 2mr) can be viewed as a generalized GMOR relation since the
quantities fy and r) are well-defined for all quark masses. In principle, they can be
used to define the quark condensate from a pseudoscalar meson’s Bethe-Salpeter wave
function, namely as the chiral limit of the combination ), fy, via Eq. (4.2.37).

3The decay constants are sometimes defined with a factor v/2, in which case fr ~ 130 MeV.
“McNeile et al., Phys. Rev. D87 (2013), 034503. arXiv:1211.6577.
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4.3 U(l)4 anomaly

We have seen that spontaneous chiral symmetry breaking should affect all axial sym-
metries including the flavor-singlet U(1) 4. The fact that there is no good candidate for
a flavor-singlet (pseudo-) Goldstone boson in the spectrum is related to the anomalous
U(1)4 breaking. Anomalies are symmetries of classical Lagrangians that are broken
at the quantum level. They arise when regularization destroys a symmetry and there
is no regulator choice that can preserve it. Since the symmetry is lost, there is no
Goldstone boson because the quantum corrections generate a mass for that mode.

Anomalies are again a typical feature of axial symmetries. In contrast to sponta-
neous symmetry breaking, where the symmetry is lost due to dynamical effects, anoma-
lies have their origin in short-distance singularities of the currents A% = 1) Y5 t, 0
and A" = 1) y"v51). These are composite operators at the same space-time point which
are potentially divergent and have to be regularized. In principle, the problem would
also affect vector currents, but in that case it is possible to find appropriate regulariza-
tion prescriptions that leave their symmetry intact. Vector symmetries are related to
conserved charges (color charge, electromagnetic charge, flavor charges, etc.). If they
were broken at the quantum level, we would not only lose charge conservation but also
gauge symmetry, and the theory would become nonrenormalizable and inconsistent.
In this sense, global axial symmetries are ‘less important’ and the fact that they pro-
duce anomalies is not a serious problem for the theory. (Except when they are also
promoted to gauge symmetries: if a gauge symmetry is broken anomalously, then one
needs anomaly cancellations between different sectors of the theory.)

In the following we will see that

m QCD only leads to an anomalous U(1)4 breaking, which has observable conse-
quences for the n and 7’ masses, whereas

m QED also induces an anomalous SU(Ny)a breaking, which can be observed in
the 70 — v decay.

We already wrote down the basic relations that characterize the anomalous U(1)4
breaking in QCD. We have anticipated in Eq. (3.1.54) that the divergence of the axi-
alvector singlet current picks up an anomalous contribution

O A" = 2ip Mz 1p + Ny Q(x), (4.3.1)
where Q(x) is the topological charge density that we encountered in Section 2.1:

2
~ ~1
Q@) = Ly Tr{Fu P}, P = e, (4.3.2)

The derived relation (3.2.42) entails that the mass of the ny does not vanish in the
chiral limit, so there is no flavor-singlet Goldstone boson:

My, + Mg + Mg

3

2
g N Ty a
Foig =2 oo+ (s (01 P (0) F(0) o). (4.3.3)
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Anomalies from the path integral. To see how the anomalous term comes about,
suppose we start from an action S[i, 9] that is invariant under global U(1) 4 transfor-
mations, e.g. the fermionic part of the Lagrangian for massless quarks:

L=vidy, P =), P =g, (4.3.4)

To derive WTIs for global flavor symmetries from the path integral, we need to employ
the background-field method discussed below Eq. (3.1.108): we add a source term
to the action with a background field B*, so that the total action that enters in the
partition function is locally invariant by construction:

Z[B] = /D[w, 9] ! (SWI1+510.51) (4.3.5)

This means we need to impose a U(1)4 transformation behavior for the B* field with
a covariant derivative:

1 .
B;L =B, + gaue, D, =0, —1igB,7s . (4.3.6)

The resulting Lagrangian
Vilpy =P (i) + gBys) Y = L+ gA,B* (4.3.7)

is locally invariant as desired. As before, A, is the U(1)4 axialvector current and not
the gluon field (in the following we denote the gluon fields by A* to avoid confusion)
and the extra source term in the action is

g[waiaB} = 9/d4$A#B“, At = 7,717”’751/} (438)

Because all terms in the path integral are locally gauge invariant, a gauge transfor-
mation {9, %, B} — {¢’,1’, B’} does not change the partition function: Z[B] = Z[B'].
If we then relabel the quark fields back to unprimed ones and work out the transfor-
mation of B only, we find

Z[B') = / Dly, §] e (SIS Wa.BI05) — 7(p] (¢i95) (4.3.9)
and therefore (6S)p = 0. Then, with

68 = /d4x Ay(x)0Pe(x) = — /d4x e(x) 0, A" (x) (4.3.10)
we arrive at the usual PCAC relation for the flavor-singlet case:
(0uA")B =10. (4.3.11)

This means that current conservation holds inside the vacuum expectation value in the
presence of the background field. Note that without it the relation would be trivial:
(OuAF) = 0y, (A*) = 0 because (A*) = 0. If we had also included source terms 7, 7 for
the quarks, we would have obtained the usual WTIs for the n-point functions like in
Eq. (3.1.111).
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But where is the anomalous term? As always we assumed that the path integral
measure remains invariant under the transformation. However, for axial transforma-
tions this is not necessarily the case. The origin of this behavior is the transformation
of the Dirac spinors

P(x) = e Pyp(x),  P(x) = P(x) et (4.3.12)
which leads to a Jacobian determinant of the transformation:
D[y, '] = (det C) "> D[y, ¢] . (4.3.13)

It turns out that this determinant is ill-defined (0 - co) and requires regularization,
which in turn breaks the U(1) 4 symmetry. The final result is just the anomalous term:

(det C)~2 = exp (—z‘ / itz e () N Q(:@) . (4.3.14)

As a consequence, Z[B'] # Z|B] under a gauge transformation but instead

Z|B'| = Z|B] <exp <i/d4:cs(1:) Ny Q(x))> , (4.3.15)
B
and comparison with Eq. (4.3.9) gives the anomalous correction to the PCAC relation:

(9, A" — N;Q)p =0. (4.3.16)

Fujikawa’s method. In order to prove Eq. (4.3.14), let us expand the functional
determinant into eigenfunctions of the Dirac operator ) = @#—igA. This is now again
the usual covariant derivative with the gluon field and not the quantity in Eq. (4.3.6),
which we no longer need. Assume that the Dirac operator ) is hermitian, so that it
has real eigenvalues A,, and a set of orthonormal, complete eigenfunctions:

/d4x QOLI,Z‘(%) Pn,j (l‘) = dmn 5@']’ )
> n Pni(@) ‘PLJ’ (y) = 6*(z —y) 0i »

where i, j collect the Dirac, color and flavor indices. To ensure the (anti-) hermiticity
of the Dirac operator, we should really do this in Euclidean space, but let us ignore
this subtlety in what follows.

We can expand the spinors ¢, 1 into these eigenfunctions, where the coefficients
a, and b, are independent Grassmann variables, and write down the path integral
measure:

P(x) =Y anen(x), U(@)=Y @h(@)by, D¢ =[[dan [[dbm. (4.3.18)

Don(x) = An (), (4.3.17)

As a side remark, the fermionic path integral can be written as the determinant of the
Dirac operator (which is useful in lattice calculations):

devp= [l gl el 140 = [ aaydby e =imes <[] (4319
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Now, if we use the orthogonality relation to project out the coefficients, an axial
transformation changes a,, and b,, to

a, = /d4x o (x Z/d%(p =@ o (2) am (4.3.20)

7‘071/7’”

- Z Crm am l_)/m = Z Crm l_)n . (4.3.21)

Note that because we are dealing with axial transformations, both a,, and b,, transform
with the same C},,,

so that we have

and because the Grassmann measure transforms with the inverse determinant we arrive
at Eq. (4.3.13). Using det C' = ™ ¢ and expanding the logarithm, we obtain

(det C)~2 = exp <—2i / d*ze(x) Z ol () 75 gon(x)) , (4.3.23)

which involves the ‘functional trace’ over 5. With the completeness relation in (4.3.17),
the sum becomes

. 4 .
Zson ) V5 pn(T) = = lim ZSOM (V5)ij Pn,j(@ )_;5% Tr{vs}d"(xz —y), (4.3.24)

where the trace goes over Dirac, color and flavor indices. The color-flavor trace gives
a factor Ny N, whereas the Dirac trace vanishes but the d-function diverges. Thus we
have a 0 - oo situation: this expression is possibly finite, but it is not well-defined and
must be regulated.

Fujikawa suggested to regulate it in a gauge-invariant way by damping the contri-
bution from the large eigenvalues by a Gaussian cutoff, with a regulator mass M that
is taken to infinity in the end:

lim Zso )5 e MM ()

M—o0
= lim Zs@ z) 75 e P o (@)

M—oo
(4.3.25)
= lim Tr{%e (/2 } Yo —y)
Yy—x
. 'k e —(B/M)2 )\ ikz
_A}li%o/(zw)ﬁ Tr {35 pet.

This regularization is gauge-invariant because the covariant derivative appears in it;
hence, it preserves the vector gauge symmetry. To proceed, we express [)? by

1 1
@2 = fy“'yVDHDy = 5 {7“’ ’VV} DMDV + 5 [7“7 '711] DHDV
(4.3.26)

1 v ig v
=D+ 7 01D, D) = D? — 7 0" B
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and exploit the relation (2.2.47),

—ikx 1kx .
o =I5 tik 4.3.2
‘ f(ax)e f<8x+2>’ (4.3.27)
where unsaturated derivatives vanish in the end. Eq. (4.3.25) then becomes
: d'k (D +ik)? g V
=k /(2@4 Ir {75 &P (‘ - Taop o e ) e (4328)

When expanding the exponential, only terms with at least four v matrices can survive
the trace with 5, and only those o< 1/M* which produce a dimensionless quantity after
integration will survive the limit M — oo. These terms can only appear at quadratic
order and produce

% Tr {’)/5 ’y“’y”'ya’yﬁ} = ghvoB (4.3.29)
The resulting expression has the form
I Ik [ a5 & Tr{F,, F" } + (4.3.30)
.= lim = . 3.
Mase ) )t |7 pa TV

Then, after integrating out the momentum k and sending M — oo, the final result
becomes
9°Ny

t T 4 B o T v
zn:son(ﬂf) Y5 pn(@) = lim Tr {r5} 6% (z = y) = Ty Tr {Fpw I}, (4.3.31)

where only the color trace over the SU(3)¢ generators remains. Inserted in the deter-
minant (4.3.23), we arrive at Eq. (4.3.14).

A few remarks are in order:

m Note that we did not perform an ‘additional renormalization’ because the theory
was already renormalized before. Renormalization means that the regulator remains
in the theory, but it is hidden in the renormalization constants which must cancel each
other in observables, together with the regulator dependence. Here we have merely
cured a 0 - oo situation by introducing a cutoff M that we sent to infinity at the end.
However, the resulting finite expression has the property that it breaks the U(1)4
symmetry. While we used exponential damping, one can show that this result is indeed
independent of the chosen regularization as long as it is gauge invariant.

m Since the topological charge is essentially the trace over s, one can ask why only
U(1)4 and not the non-Abelian global SU(Ny)4 transformations lead to anomalies.
Repeating the analysis with € — ) e, tq yields

2
g b
DAl = an? e Fb s FS, Trp {ta} Tro {ty tc} (4.3.32)
which vanishes in the flavor-octet case because Tr{t,} = 0. In other words, gluons
couple only to flavor-singlet currents, and the anomaly signals the breakdown of the
U(1)4 symmetry in the presence of gluons.
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m The topological charge density can be written as the divergence of a current, the
Chern-Simons current:

2

o;
Q(z) = 8, K", KM — 8972 chvalB my. {Faﬂ A, + ;‘qAaABA,,} : (4.3.33)
T

One could then conclude that the flavor-singlet PCAC relation (in the chiral limit) still
induces a conserved current d,,(A* — Ny K*") = 0, which leads back to the argument that
there should be a flavor-singlet Goldstone boson. However, K* and its corresponding
charge f d3x K9 are not gauge invariant, so they cannot couple to physical states and
hence there is no conserved axial charge.

Triangle diagrams. The axial anomaly will show up (and was originally derived) in
the calculation of correlation functions involving axialvector currents, e.g.

(O]T AH(x) V(y) V’B(z) |0), (O|T A¥(x) A%(y) AP(2) |0), etc. (4.3.34)
Take for example the WTI for an AV'V correlator:

0L (AFV VP = (9, AMVOVF) +6(a° —3°) ([A°, V) VF)

(4.3.35)
+0(2 = 20 (Ve (A% VA = 0.

The last two terms on the right-hand side are zero because the commutators of the
singlet currents vanish, as one can infer from Eq. (3.1.57). The first term produces
the pseudoscalar density via the PCAC relation. Repeating this for derivatives with
respect to y and z, we arrive at

L (AMVOVP) = 2m (PVOVP) | 04 (AMVOVFP) =0, 95 (A*VOVF) =0, (4.3.36)

without taking into account the anomaly.

The problem is that these diagrams are linearly divergent and therefore not transla-
tionally invariant. If one calculates them explicitly to 1-loop order, shifting integration
variables by a different momentum routing will produce results that differ by surface
terms. The freedom in distributing these surface terms can be used in the regularization
procedure when getting rid of all infinite pieces. It turns out that the relations (4.3.36)
cannot be satisfied simultaneously, and in order to preserve the vector symmetries the
axialvector WTI must pick up the additional anomalous term.

A theorem by Adler and Bardeen states that the full structure of the anomaly is
already contained in the perturbative one-loop fermion diagrams. Higher-loop correc-
tions do not renormalize the anomaly except for replacing the fields and coupling con-
stants by their renormalized values. For anomaly considerations it is therefore enough
to calculate the triangle and rectangle diagrams in Fig. 4.8. These are the superficially
divergent ones (in fact, pentagon diagrams should be included as well although they
are convergent), and they include an odd number of axial currents and thus an odd
number of «5 matrices. For example, the anomalous contribution to the 7y mass in a
current correlator arises from quark-disconnected diagrams like the one on the right in
Fig. 4.8, which contains intermediate gluon exchanges in the flavor-singlet channel.
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F1G. 4.8: Anomalous 1-loop fermion diagrams.

QED anomaly and 7’ — 7+ decay. Anomalies have observable consequences. The
prime example are the 7 and 1’ masses, but in this case the anomalous contribution
is also difficult to quantify due to the explicit breaking of chiral symmetry and mixing
effects. A much cleaner system is the decay of the 7° into two photons, which is almost
exclusively caused by the axial anomaly from QED effects.

So far we have considered the axial anomaly in QCD (the ‘gluon anomaly’) which
is the relevant one for the 7 — ' problem. Quarks couple to gluons, and the quark’s
flavor-singlet axialvector current A* picks up an anomalous term containing the gluonic
field-strength tensor. On the other hand, quarks can also couple to photons, which will
also produce an anomaly although the related effects are much weaker (aqrp < aqcp).
If we repeat the derivation for the QED Lagrangian, replace F** by the electromagnetic
field-strength tensor and the coupling g with e, we obtain the electromagnetic ‘photon
anomaly’ (Adler-Bell-Jackiw or ABJ anomaly):

62

H [ —
Ol (4m)?2

. (4.3.37)

S O N
|
O = O
o O

1
P Fog Fly Trp {t.Q%) Tre {1}, Q= 3

stated here without the fermion mass term and for Ny = 3. The generator t, comes from
the axial transformation and the quark charge matrix Q from the covariant derivative
that enters quadratically in the regulator. Since fermions with different flavors have
different charges (expressed by Q), photons can also couple to flavor-nonsinglet currents.
Therefore, the electromagnetic anomaly produces additional terms for the divergences
of the axial currents A* and A%, i.e., for both U(1)4 and SU(Ny) 4.

For the ¥ — ~v decay, consider the three-point function of an axialvector current
and two electromagnetic vector currents:

(0T AL (@) Vi (21) Vi (22)10) - (4.3.38)
The electromagnetic current is proportional to the quark charges and given by
Vi (@) = ()" Qu(x) = V5'(2) + 5 V' (@) - (4.3.39)

To lowest order perturbation theory, Eq. (4.3.38) is the AVV triangle diagram in
Fig. 4.8 which diverges linearly. However, it also has a spectral representation in terms
of pseudoscalar poles, which we can derive in analogy to Eqs. (4.2.34-4.2.36). First,
we write down its WTI by acting with the derivative on the index pu:

05 (O[T Al () Vi (3) Vi (~5)10) — 2m (O[T Pa(e) Vi (3) VL (-3)10) = ... (4.3.40)
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a‘uAp__sz auA“—ZmP
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Fi1c. 4.9: 7% — ~v decay in the chiral limit.

We are interested in the 7° with @ = 3; in that case the commutators on the right-
hand side obtained from (3.1.74) vanish, because they contain the structure constants
f33s = 0, etc. Instead we have the contribution from the anomaly:
e’D uvpo a (z 153 z
= e (O|T Fyu () Fpo () Vi (2) Vi (-3)10) (4.3.41)
where the factor D = N./6 comes from the flavor and color traces.
If we work out the time orderings on the left-hand side and insert the completeness
relation, we can again isolate the Feynman propagator. The pole residues are the two
decay constants from Eq. (3.1.142) and the 7° — 47 decay amplitude, defined via

. dq _;

T5%(z,p) = iAT VL (3) VAL (-3)10) = / e € TA0) s (43.42)
Its structure in momentum space is due to Lorentz and parity invariance: p is the
pion momentum, ¢ the relative momentum between the photons, and the only possible
Lorentz tensor is 50‘5”"% po. Integrating (4.3.40) over z and z, the poles drop out again
and the analogue of Eq. (4.2.36) becomes

lim Y AT (¢.p) = lim fx T3 (¢.p) = 0, (4.3.43)
qg—0 )\ q—0

as long as we discard the anomaly on the right-hand side. We have again removed the
sum over A because the decay constants are zero for all excited states with my # 0.
Since the transition matrix elements are defined at p?> = m2 = 0, this is a chiral-
limit relation. Hence, the decay amplitude should be zero, which is known as the
Sutherland-Veltman theorem.

In order to take the anomaly into account, we would have to work out the right-
hand side of Eq. (4.3.41). However, since the anomaly is already produced in the
lowest order perturbation theory, it is sufficient to start again from Eq. (4.3.40) and
work out its perturbative 1-loop contributions, the AVV and PV'V triangle diagrams.
The ambiguity in shifting integration variables produces just the anomalous term. The
result has the same structure in momentum space ~ f—:o‘ﬁp"qp Ps, and the resulting decay
amplitude becomes I';(0,0) = e2D /(272 f;). The calculated m — v decay width using
this result is 7.862 eV; the experimental value is 7.84+0.9 eV. Therefore, the neutral pion
decay does not probe the nonperturbative structure of QCD at all — it is completely
determined by the axial anomaly.
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4.4 Chiral effective field theories

In the discussion so far we have seen that the information on hadrons that can be easily
and directly extracted from the QCD Lagrangian is limited: some exact statements are
possible, but in practice one needs numerical calculations and/or models to describe
the dynamics of the theory. On the other hand, analytic calculations are still possible
if we exploit the symmetries of QCD. In particular, the near chiral symmetry of the
QCD Lagrangian and its spontaneous breaking can be used to construct low-energy
effective theories of QCD, which are not formulated in terms of quarks and gluons but
rather with hadrons as effective degrees of freedom. The fact that the pion mass is
so much smaller than all other hadronic energy scales makes a perturbative expansion
in powers of momenta and pion masses possible. The resulting field theory is called
chiral perturbation theory (ChPT) and allows one to make rigorous statements
as long as the momenta and pion masses are small.

4.4.1 Sigma model

Linear sigma model. We start with the linear sigma model, which is the prototype
of an effective field theory that implements spontaneous chiral symmetry breaking. In
its basic version it describes the interaction of nucleons with pions and scalar mesons:

m The nucleon is represented by spinor fields (z), ¥(z) which are isospin doublets,
i.e., they transform under the fundamental representation of SU(2);.

m The three pions correspond to an isospin triplet 7,(x) of pseudoscalar fields.

m The scalar meson o(x) is an isoscalar and identified with the o/ fo(500).

One could extend this by including more meson fields such as the p meson or other
baryon fields, and various quark-meson models have been constructed by interpret-
ing the spinors not as nucleons but as quarks.

We combine the pions and the scalar meson into a meson matrix ¢, which is a
matrix in Dirac and flavor space and depends linearly on 7, and o:

p=0+ivsT -T. (4.4.1)

Here, 7, are the Pauli matrices which are related to the SU(2) ¢ generators by t, = 7,/2.
We defined the ‘length’ of ¢ that will enter in the mass term by

¢]? =3 Tr {ngTqb} =iTr{(c—iwT m)(oc+iyT m)}=0"+mn°, (4.4.2)
where we used the identities (same indices are summed over)
(1-7)?2 =m,m (%[Ta, ) + %{Ta, Tb}) =n?, Tr {Ta Tp} = 20ap (4.4.3)
—— N——
ifabc Te (Sab

with fape = €abe in SU(2). Likewise, for the kinetic term we have

0,01* = $ Tr {00 0"} = (0 0) + (0 m)° . (4.4.4)
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F1G. 4.10: Field content of the sigma model before (left) and after (right) spontaneous chiral
symmetry breaking.

The Lagrangian then reads as follows:
L= —gd) v+ 5 (|0u01> —m?o*) = V(6]*), (4.4.5)

where the meson matrix couples to the spinors through a Yukawa interaction 1) ¢ ).
We have assigned the same mass m to each meson, whereas the nucleon at this point is
massless. The potential V' depends on powers of the meson matrix and we will specify
it below. For four-point interactions, the field content of this theory is shown in the
left panel of Fig. 4.10.

Let us impose chiral symmetry SU(2)y x SU(2)4 on the Lagrangian, where the
fermions transform under Egs. (3.1.18-3.1.19):

V. U=exp (isa %) = U =Uy, ¢ =opU, (4.4.6)
A: U=exp (m ey %) = U=Uyp, ¥ =3uU. (4.4.7)
The fermion kinetic term is invariant under both operations, i.e., chirally symmetric:
_ YULPUY ...V _. _.
) =% = iUt UY = id . 4.4.8
(i@ ) {¢Uié9U¢ 4 YiPU Uy = iy (4.4.8)

We have not yet defined how the meson fields transform under chiral symmetry. To do
so, we impose invariance of the meson-fermion coupling term ) ¢ v:

Vi @o9) =oUUs=dey = ¢ =UsUT, (4.4.9)
A (Boy) =9UdUp=4év = ¢ =UloU". (4.4.10)
The infinitesimal transformations for the m, and o fields then become
V: o=o0, Tl = Tq — fabe €b e, (4.4.11)
A: o =0c+e,7,, T =Tg— €40 . (4.4.12)

Observe that the SU(2) 4 transformation mixes the o with the pion fields! This is why
they belong together and we needed both of them in constructing a chirally invariant
Lagrangian.
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From the transformation behavior of the meson matrix ¢ it is clear that the remain-
ing terms in the Lagrangian |¢|> = 3 Tr{¢'¢}, |9,4|? and V(|¢[?) are also chirally
invariant. For the individual fields this entails

V: =02 , 7 =n?4 2 fabe Ta Tp Ec = T2, (4.4.13)

A P =04+ 20T Eq 7 =2 207, Eq - (4.4.14)
While SU(2)y leaves both o2 and w2 invariant, SU(2)4 only preserves their combi-
nation o2 + w2. Moreover, renormalizability entails that the possible self-interactions
in the potential V(|¢|?) can be of order four at most, since the couplings for higher
interactions would have a negative mass dimension. A |¢[* interaction then leads to
the quartic interaction vertices shown in Fig. 4.10.

In this initial Lagrangian, chiral symmetry demands that both mesons must have
the same mass m and coupling strength g. Recalling Eq. (3.1.49), we deliberately did
not include a mass term for the nucleon since it would break chiral symmetry. Below
we will generate a nucleon mass and eliminate the pion mass by means of spontaneous
chiral symmetry breaking.

The vector and axialvector currents corresponding to the SU(2)y and SU(2)4
symmetries can be derived from their definition in (3.1.2). They pick up additional
terms from the meson fields o and m,:

VI = p vy ty ) + fape mp O'7e AP =P ystah + 0 Oy — e 0o . (4.4.15)

These currents are conserved because the Lagrangian is chirally invariant. The classical
equations of motion of the linear sigma model are

@(z_b:—igcbw, (O+m?)o=—gYy,
VP =igpe, (@+m?) 71, = —2igYystat),

up to terms coming from the potential V (|¢|?).

(4.4.16)

We note that one could rewrite the linear sigma model in terms of a meson matrix ¥ which is a
matrix in flavor space only:
Yi=oc+iT -m. (4.4.17)

Employing the chiral projectors P+ = (1 4+ v5)/2 from Eq. (3.1.42), we have
p=c+iypT - w=Pr+P)o+(Pr —P_)iT -
=Pi(oc+ir-mw)+P_(0c—iT-m) (4.4.18)
=P+ P 2 =P, 2P, +P_XTP_.

With the definition (3.1.43) of the right- and left-handed spinors, v, = P, 1 and 9, = ¥ P_,, the
Yukawa coupling becomes

b =1 Sy + BT (4.4.19)
The remaining terms, defined via (4.4.2), have the same form as before:
oI =121, |0uel* = 10,317 (4.4.20)

With the transformation of the chiral spinors in Eq. (3.1.46), 9., = U, v, and ¥, = 1y, U}, chiral
symmetry demands

PN W+ N YL = P UL Uy + 92 ULS T U = 9-Sgpy + 9457y, (4.4.21)
hence the matrix ¥ must transforms under SU(2), x SU(2)g as &' =U_Z UL



150 Low-energy QCD phenomenology

0o

Fi1G. 4.11: Mexican hat potential of Eq. (4.4.22), with minima along the chiral circle. The
right figure includes the explicit symmetry-breaking term of Eq. (4.4.29).

Spontaneous chiral symmetry breaking. Next, we want to generate a mass for
the fermions and also get rid of the pion mass. To this end we drop the identification
of m with the masses of o and 7. Instead we interpret it as a scale A via —m? =: AA?
that we absorb into the potential:

Apd (4.4.22)
4
Constant terms can always be dropped from the Lagrangian. The remainder is the
mexican hat potential shown in Fig. 4.11, which has minima along the ‘chiral circle’
|#|? = 02 + w2 = A%, Note that this is still a chirally symmetric condition and the
Lagrangian is invariant under chiral symmetry as before.

However, in this way we have prepared the groundwork that triggers a spontaneous
symmetry breaking (SSB) in the quantum field theory. Recall the discussion of the
quantum effective action I'[p] and the classical field ¢(x) = (¢(x)) s around Eq. (2.2.42).
If we set the sources J = 0, then also ¢(z) = 0. The first derivative of I'[¢] vanishes
and the higher derivatives are the 1PI correlation functions for the field ¢(x):

oLlel | _ 0" T']
dp(x =0 7 dp(x1) -+ - 0p(n)

A AA2 A
V(o) = 1 ¢|* — N 6|* = 1 (|¢]* — AQ)2 -

=T (@1,...20). (4.4.23)

~—

©=0

In the presence of a non-zero vacuum expectation value, setting J = 0 entails ¢(z) = v
and these relations are modified as follows:

Tlel | _ 0"T[y]
op(z)|,—y  Op(x1) - 0p(an)

The higher derivatives are the 1PI correlation functions for the field ¢(z) — v and
the ‘one-point function’ still vanishes for ¢(z) = v, which therefore extremizes the
effective action. Since the classical potential gives the tree-level contribution to I'[¢],
its minimum determines the leading-order result for the VEV.

Then again, the minimum of the mexican hat is still a chirally symmetric condition.
What actually breaks the chiral symmetry of the vacuum is parity invariance, which
entails (0|m,|0) = 0 and leaves only o9 = (0|c|0) = A, i.e., it singles out two points on
the chiral circle. To determine the true ground state, one must introduce an explicit
symmetry-breaking term that tilts the potential towards one absolute minimum.

=T (1,...20). (4.4.24)
p=v




4.4 Chiral effective field theories 151

The next step is to expand the o field around its minimum by introducing a new
fluctuating field s. There are different ways to do so; one possible choice is 0 = A + s.
Since A is a constant, we have d,0 = 0,5 and the form of the kinetic term for the
mesons remains unchanged:

% 10,6 = % ((8,0)% + (9,m)%) & — % (sOs + wOm). (4.4.25)

Instead, the potential becomes

A A A
V(o) = 2 (162~ A2)° = 7 (A +)? + 72 — A2)” = 2 (s + 7% + 20s)°

4 4 4

. (4.4.26)
=\ 1(32+772)2+As(32+7r2) +A%s?
Expressed in terms of s and 7, the Lagrangian (4.4.5) reads explicitly:
L= —gM Y —gp(s+ivsT-m)

(4.4.27)

1 1
—§S(D+2)\A2)S—§7TI:|7T—AA(83+87T2)—2(844-28271'2—’-71’4).

In this way we have generated a nucleon mass M, a scalar mass m,, and two new
cubic interaction vertices ~ s3 and ~ s7? (see right panel of Fig. 4.10):

M =gA, me = V2AA, Gsss = Gmrs = AA. (4.4.28)

The pions remain massless, hence they are the three Goldstone bosons of the sponta-
neously broken SU(2) 4. Observe that since we only redefined the fields, the Lagrangian
is still the same as before and therefore chirally invariant (despite the fermion mass
term!). The symmetry is merely ‘hidden’. However, the ground state is not invariant
and thus chiral symmetry is spontaneously broken in the QFT.

Explicit chiral symmetry breaking. Since the pions in nature have a mass, we can
add a term to the Lagrangian that breaks chiral symmetry explicitly,

Vi=V-miAo & L =L+m2A0, (4.4.29)

where we already named the coefficient accordingly. The potential is now tilted, and
the absolute minimum appears at

! A 2
oV 20 = AoE-A)=mi—a~mi = o9= ﬂ/@. (4.4.30)
og=0(), UO

oo
Taq=0

If we expand around the new minimum and insert o = o+ s into the potential (4.4.22),
we generate a mass term ~ —% m2 2 for the pion. The remaining Lagrangian has the
same form as in Eq. (4.4.27) at first order in m2, but instead of the relations (4.4.28)
we find:

2 2 2
M:g A2+%, mcr:\/2)\ A2+3m7r7 gSSS:gﬂ'ﬂ'S:A AZ"’%
V A 2 V A
(4.4.31)

The resulting evolution of the nucleon mass with m?2 already resembles the outcome of
realistic calculations in QCD, which we sketched earlier in Fig. 4.7. In the linear sigma
model, the nucleon mass in the chiral limit is gA.
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Non-linear representations. The linear sigma model needs both pions and a scalar
field to respect chiral symmetry. This is not very satisfactory because the actual
o/ fo(500) is a broad resonance and it seems unnatural that it would play the fun-
damental role suggested by the linear sigma model. While we cannot simply set s =0
in the way we introduced it above (¢ = A 4 s) without breaking the chiral symmetry
of the Lagrangian, we can eliminate the ¢ meson by allowing the meson matrix to be
nonlinear in the pion fields.
Let us introduce a new scalar field s and new pion fields ¢, by

a(z)

dp=(A+s5)Q, Q=exp (Z.VE)T.(PAZ) =cosa(z)+ iy T

sin a(2)

Az

(4.4.32)

Here we defined
(T @)? = p* = A%2?, (4.4.33)

where z is the dimensionless ‘length’ of the pion field, a(z) is some function of z, and
we used e = cosa +iA sina for A2 = 1. As a consequence, the original fields o and
7, are related to the new ones by
o= (A+s)cosa(z), o = (A+5) % sina(z) . (4.4.34)
z
The advantage of doing this is that 2 depends only on the new pion fields (but on
all powers of them), and because of |¢|?> = (A + s)? the potential depends only on the
scalar field:

| >

Vi) = (o - 22)7 =3 (5 4450 +227) (1.4.35)

Because |¢|? is chirally symmetric, in this way we have achieved a chirally symmetric
separation of the scalar and pion fields. In turn, the kinetic term for the mesons
becomes more complicated and also encodes the pion’s self-interactions via derivative
couplings. With d,¢ = 0,5 Q2+ (A + 5) 9,8 we find

0ul® = 3 Tr {Ou0’ 00}
= 3 Tx {050 + (A +5) 9 (0,07 2+ 01 9,Q) +(A + )2 9,01 92}

= (Ous + (A + 920,02, s @)=

where ]8“9]2 is a complicated function of the pion fields. The explicit calculation yields

1 [(0.9)? . (p-0up)? sin? o
2 2 2
10,Q]° = = [ *}\2 sin” o + AZ o (2)° — e : (4.4.36)

Depending on the function «a(z), we could work with the
» exponential representation: a(z) =z = Q= exp (i5 52),

m square-root representation: sina(z) =z = Q=1 - 22 +iy; 2.
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In any case, the Lagrangian in terms of the new fields becomes

— 7. 1 st 1
c:¢<z@—g(A+s)Q)¢—25(m+2AA2)5—A<4+As3) +5 (A +5) 0,00

Diagrammatically it still contains the Feynman rules from the right panel of Fig. 4.10,
with the identifications in Eq. (4.4.28), but due to the appearance of {2 there are new
vertices with pion legs: in fact, once we expand the exponential, there are infinitely
many of them! While this looks very different from the Lagrangians (4.4.5) or (4.4.27),
in principle it is still the same theory since all we have done is renaming the fields.
Indeed one can show that onshell scattering amplitudes obtained from either of these
representations are identical.

Non-linear sigma model. The main advantage of arranging the fields in this way is
the following: because we separated the fields s and ¢, in a chirally invariant manner,
setting s = 0 does no longer break chiral symmetry and we can safely eliminate it from
the theory. The resulting Lagrangian is

_ A2
L=Ly+Lr=1 (i@ —gA Q> ¥+ 5 10,00 (4.4.37)

and contains nucleons and pions only. The pionic part L£;, where the self-interactions
of the pions enter via derivative couplings, is called nonlinear sigma model. Note
that we could have also obtained it by setting 02 + w2 = A? from the beginning, i.e.,
by restricting the fields to the chiral circle and thereby eliminating the o field as an
independent degree of freedom.

Unfortunately, the chirally invariant separation of scalar and pion fields comes at a
price, namely the loss of renormalizability. The reason is that £ and |9,9|? contain
all powers of the pion field ¢,. Suppose we work with the exponential representation
alz) =z

1 [Que) . (¢ - Dup)? sin® 2
2 _ 1 2 1
10,0 = 2|z siEt A 1-— = . (4.4.38)
The Taylor expansion of (sin z/z)? gives
sin? 2 22 224 i
=l- Tt =122 2 (4.4.39)
2 Y
2 3" 45 v
so that £, becomes
1 2 1 2 2 AR 2\r
Lr=0up) + 5| (¢ 0up)” — ¢ (Ouep) AV L ()" (4.4.40)
2 2 (A2)r+
r=0

The first term is the inverse tree-level propagator. The second contains an infinite
number of tree-level vertices with even numbers of pion legs and derivative couplings
(Fig. 4.12): The term with r = 0 returns a four-point vertex with coupling constant
co/A?, the term with » = 1 a six-point vertex with coupling constant ¢1/A*, and so on.
As a result, the perturbative expansion of an n-point function not only contains in-
finitely many loop diagrams but also depends on infinitely many vertices.
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F1G. 4.12: Tree-level diagrams contained in the Lagrangians (4.4.37) and (4.4.64).

Even worse, the couplings carry negative mass dimensions and therefore these in-
teractions are non-renormalizable. Because we deleted the field s, the non-linear sigma
model is no longer equivalent to the original Lagrangian, which was renormalizable
even though in the end this was no longer obvious (still, we could have transformed
back to the original fields o and 7,). In practice this means that each n-point func-
tion produces new divergences, so we would also need infinitely many renormalization
conditions and the theory loses its predictivity.

While this would make practical applications hopeless, the fact that all couplings
contain derivatives opens up a new interpretation: derivatives become momenta in
momentum space, and higher powers of momenta are suppressed at low energies. If we
can show that higher-loop diagrams also correlate with higher momentum powers, then
we can stop the expansion at some given order and fix the necessary renormalization
constants at that order by outside information, e.g., from experimental data. The
convergence radius is then limited to low momenta and low energies; hence, we can
interpret the model as a low-energy effective theory. In fact, the nonlinear sigma
model L, constitutes the lowest-order term in chiral perturbation theory.

Weinberg’s power counting. For illustration, let us go back to a ¢P theory, where
we add up the ¢P couplings in the Lagrangian:

A A
£:£km+A4¢4+A—g¢6+A—i¢8... (4.4.41)

Because the non-renormalizable couplings for p > 4 carry negative mass dimensions,
we pulled out powers of a scale A so that the )\, are dimensionless. In this case the
formula (2.3.62) which we established earlier generalizes to

Lo =4L -2+ (4=p)V,, D V,=V. (4.4.42)

p

Here, [I',;] is the mass dimension of a given n-point function. For some perturbative loop
diagram that contributes to I'j,, L is the number of loops, I the number of propagators
and V}, the number of ¢? vertices, with V' the total number of vertices in the diagram.
D = 4L — 21 is the degree of divergence of the diagram.

Now observe that in order to preserve the mass dimension of the n-point function,
internal momentum powers in a loop must translate to powers of the external momenta
and masses. This is easiest to see in dimensional regularization from the loop formulas
(2.3.40-2.3.41):

hiSe)

m

d4lE (l2 )m 5 3
_ E o A2tm—n 4.4.43
/(2%)4 (le + A ’ ( )
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Fi1G. 4.13: Loop diagrams contributing to a 1PI four-point function with four- and six-point
interactions. The degree of divergence D for ordinary couplings with d,, = 0 is given in bold
black font and the one for derivative couplings with d, = 2 in red, cf. Eq. (4.4.48).

where the quantity A defined in Eq. (2.3.32) has mass dimension two and depends
on the external momenta and the masses in the loop. It is attached to an expression
that contains divergent 1/e terms and finite parts, where the former drop out after
renormalization. The renormalization scale M (or p) only enters through logarithms.
Likewise, had we employed a cutoff regulator, the divergent terms would scale with
powers of the cutoff and drop out after renormalization, whereas the finite pieces scale
with powers of the external momenta and the masses.

If a diagram contains higher ¢” vertices, its degree of divergence D raises according
to Eq. (4.4.42):

D=[T+> (p-4V,. (4.4.44)

The reason is that those vertices come with higher powers of A? in the denominators,
which must be compensated by momentum powers in the numerators to preserve the
mass dimension in the n-point function; these make the diagrams more divergent.
However, in this way D = 4L — 21 not only counts the degree of divergence, but also
the powers in the external momenta and masses. As long as the momenta and
masses are small, diagrams with higher D (i.e., higher loop diagrams) will be more and
more suppressed. If we supply enough renormalization conditions at a given order D to
remove the infinities, we can stop the perturbative expansion after a few terms. Thus,
non-renormalizable theories can be viewed as low-energy effective field theories.

The situation is illustrated in Fig. 4.13, which collects the lowest perturbative loop
diagrams contributing to a four-point function with ¢* and ¢ vertices. In the horizontal
direction we increase Vj, the number of vertices corresponding to the renormalizable
¢* interaction, which does not increase D. In the vertical direction we increase the
number of vertices Vi of the non-renormalizable ¢% interaction. Each subsequent row
increases D by two, so its diagrams are suppressed by a power of two at small momenta
and masses compared to those in the previous row.
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On the other hand, there is no suppression in the horizontal direction where D does
not change; here we would need to rely on the smallness of A4 to stop the series. This is
where derivative couplings come in. The nonlinear sigma model in (4.4.40) contains
P interactions (p = 4 + 2r) with derivatives, which become powers of momenta * in
momentum space. The generic structure of the P couplings is

2 l2 l2
p:4:p, p:G:F, p:S:E, etc. (4.4.45)
Each vertex in the nonlinear sigma model has two powers of derivatives, which we
denote by d, = 2. In principle we could construct theories with higher powers of
derivatives, e.g. d, = 4; in that case, the couplings would have the form
14 14 14
p:4:B, sz:F, ;028:57 etc. (4.4.46)

Eq. (4.4.42) still holds for derivative couplings since the mass dimensions of the ¢P
couplings are still 4 — p. However, they are now the differences stemming from the
numerators with momentum powers d, and denominators with powers of A2, where
the former contribute to the degree of divergence D. If we split 4 —p = d, — (dy +p—4),
then for a theory with fixed d, we have

STU-p) V=Y ldy— ()] Vy=dyV —(...), (4.4.47)

where the rest does not contribute to D but only to the mass dimension [I',]. Therefore
we arrive at

D =4L —2I +d,V, (4.4.48)

which counts the powers in the external momenta and masses.

If we now go back to Fig. 4.13 and interpret the ¢* and ¢% interactions as derivative
couplings with d, = 2 like in the nonlinear sigma model, we see that D not only
increases vertically but also horizontally. Then up to D = 4, for instance, we only need
to keep a small number of diagrams. The same diagrams in a theory with d,, = 4 would
carry even larger D. For a general theory containing couplings with any possible d,,
Eq. (4.4.48) generalizes to

D=4L-2I+) d V™, Y v =y, (4.4.49)
dX dX

where V() is the number of vertices in a diagram from a given order in dy. In this
way, D tells us where to stop the perturbative expansion: diagrams with higher D
become less and less important at low momenta and small masses. The assumption of
‘small masses’ is justified since the propagators in the loops are pions and their masses
are indeed small.

We finally note that the three quantities L, I and V are not independent but related
by L+ V =1+ 1. Thus we could substitute I and write Eq. (4.4.48) as

D=2+2L+ (dy—2)V, (4.4.50)

which shows directly that D grows with the number of loops and vertices.



4.4 Chiral effective field theories 157

Fermion Lagrangian. We have not yet addressed the fermionic part
Ly = (i@ —gA Q) b (4.4.51)

of the Lagrangian (4.4.37), which contains the nucleon mass term through a complicated
dependence on the pion fields encoded in Q. In analogy to Eq. (4.4.18), we rewrite the
Dirac-flavor matrix €2 in terms of

sin z

Az’

Y =exp (iT <p) =COSZ+iT - ¢ (4.4.52)

A
which is a matrix in SU(2) flavor space only. Here we used the exponential representa-
tion g(z) = z. If we use the chiral projectors P,, and the right- and left-handed spinors
U, Yy, with w = £, and follow the same steps as in (4.4.18) and below, we find

Q=P,SP,+P_SIP_. = ¢Qu=0¢_S¢,+9, 2Ty (4.4.53)

as well as
10,02 = 19,52 = I Tr {auzf aﬂx} . (4.4.54)

The chiral invariance of £y implies the following transformation behavior under the
group SU(2);, x SU(2)g, where U_ and U, are left- and right-handed transformation
matrices with independent group parameters:

Y =U_2Ul. (4.4.55)
Note that in the literature it is common to write
Y=L, Yy=9yr, U-=L, Up=R, ¥=U. (4.4.56)

Next, we redefine the fermion fields such that 1 Q1 becomes a simple mass term.
To do so, we introduce the SU(2) matrices

@) =ep (5i0) = d=cu, D=, ST, (@4

and insertion in Eq. (4.4.53) yields

Q=) PububoPu = PQY=) P&t (4.4.58)
Defining the spinors
\ij:ww: wa 9 \IJ"J:PW\IJ7
I r=>v, = _° (4.4.59)
U, =v,& o, =vP_o&,, = U, =UP_,,

we arrive at

PQY=> T 0, =0 PZU=0) P,U=UV. (4.4.60)
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In turn, the kinetic term 1) i@ 1) becomes more complicated:

1711@1#:2%1@% = quwgwiag—w\pw = (Z&uiaf—w Pw) v

B B (4.4.61)
=T (ip+ i (PE-0) Pu) U =T (i) + -+ ds) 0.
In the last step we introduced the vector and axialvector fields
i i
ot = 5 [£+7 8M€*] = 5 (ng 8M§* =+ 5* 3u£+) )
; ; (4.4.62)
at = 5 {€4+,0M-} = B (§4 0ME- — € 0"y,
where we used d, (£-£4) = 0. Their combination gives
Pt ds =i (E4PEPL+E PELP), (4.4.63)
which is the combination that appears in Eq. (4.4.61).
Putting everything together, the Lagrangian (4.4.37) takes the form
_ A2
L=Ly+Le=T(if+§+dns—M)V+Tx {o.5t s}, (4.4.64)

where the nucleon mass is M = gA and the original Yukawa couplings between the
nucleon and the pion have turned into vector and axialvector couplings. Expanding v*
and a* in the lowest powers of the pion fields, we obtain

v”:—ﬁT-(cpxaucp)—k..., auzir-aucp—i—.... (4.4.65)
The axialvector coupling of the pion to the nucleon induced by a* corresponds to the
second diagram in Fig. 4.12. The third diagram is the Weinberg-Tomozawa term
stemming from v#, a seagull-like contact interaction between two pions and the nucleon
which gives the dominant tree-level contribution to N7 scattering.
Moreover, with ¥ = £,.£, it follows that the transformation behavior ¥ = U_X Ul
is satisfied if £, transforms like

¢ =U K=K, Ul = ¢ =U e KM=Ke U, (4.4.66)

where K is a unitary SU(2) matrix which depends on Uy, U_ but also on the pion
fields ¢, themselves which carry a dependence on x. As a result, we find

v, = Ku, KT+ iK(9,KT),

/
vV =KU,, V=KV, K
= Ka, KT

(4.4.67)

If we define the chiral covariant derivative by D, = 0,, — iv,, the comparison with
Eq. (2.1.5) shows that the transformation of v, is that of a vector field under a local
symmetry. In other words, instead of a global invariance with respect to Uy and U_,
chiral symmetry has turned into a local invariance under a transformation with K.
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Explicit symmetry breaking. In order to make contact with QCD, we add the
following term to the Lagrangian of the nonlinear sigma model:

b A’ t i
L=Ly+Le+Le, Lo=-5 (MZ+EM>. (4.4.68)

It depends on the two-flavor quark mass matrix M from Eq. (3.1.15), and b is a di-

mensionless parameter. We can compare this to £ocD|massless — 1) M) based on the
following arguments:

m Ly, has mass dimension four and is linear in the quark mass matrix.

m L, breaks chiral symmetry explicitly. To see this, consider equal quark masses
M = m1; then from ¥ = U_X% UJTr we have

Tr (2’* n 2’) ~ Ty (U+E vl +U_x Ui) : (4.4.69)

Recall from Eq. (3.1.44) that a SU(2)y transformation implies e = ¢_ and thus
Uy = U_, whereas a SU(2)4 transformation implies e, = —e_ and Uy = U,
Therefore, Lg, is still invariant under isospin symmetry SU(2)y but it breaks
SU(2) 4, as does the mass term in the QCD Lagrangian.

m Eq. (4.4.52) tells us that

2 2
Y430t =2cosz=2cos L =2]1- F_ 4 (4.4.70)
z A2 onz T | 4.

and because M = MT we find

2

1
Esb:bA3(mu+md) [1—2('0/\24—...} :—ibA(mu—i—md)cpz—i—... (4.4.71)

Hence we can identify the pion mass from m2 = b A (m, + my).

m From the mass term in the QCD Lagrangian we can infer the VEV of the Hamil-
tonian density B )
(Hocp) = (Y M) = my, (au) +mq (dd) (4.4.72)

from where we obtain the quark condensate by taking the derivative of (Hgcp)
with respect to any of the quark masses and setting m, = 0. Comparison with
the effective Hamiltonian at vanishing meson fields (X = 1) yields

Hap) = DA (my +mg) = —bA3 = (qu) = (dd), (4.4.73)

which suggests the identification of b with the dimensionless quark condensate.
Comparing this with m2 from above, we arrive at
A2 m2 _ m + mq

™

(tu + dd) , (4.4.74)

which is identical to the GMOR relation (4.2.41) if we identify the scale A with
the chiral-limit pion decay constant f;.
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We can establish more analogies if we derive the vector and axialvector currents
and their divergences. Usually we would do this via Eq. (3.1.2) by taking the derivative
of the Lagrangian with respect to the derivative of the fields. However, this can become
cumbersome if £ depends on the fields in a complicated way. A simpler method is to
consider the variation of the (globally invariant) action under a local gauge transfor-
mation, and evaluate it for the solutions of the classical equations of motion:

55— _ / 00, eajt = - / 05 S (Outa dl + 20 Ol (4.4.75)

The variation is then no longer zero because the Lagrangian is not locally invariant,
i.e., the surface term is nonvanishing. On the other hand, in this way we can read off
both the currents and their divergences (which vanish if the global symmetry is intact)
as the coefficients of 0,, and &,.

To compute the variation of the Lagrangian £, = ATZ Tr {@LET 8“2}, we work out
the infinitesimal transformation of the meson matrix 3,

Y =U XUl =(1+ie )N (1—iey)=1+4ic_ ¥ —i¥ey

, , (4.4.76)
=1+4ifey,X] —i{ea, X} =140%,

where we used the infinitesimal relation e; = ey £ €4 from Eq. (3.1.44). After some
algebra, the currents can be read off from the coefficients of 9, and 9,¢% in 4S:

A2
VH = —¢ Ve Tr (Ta [E, B“ETD = Eabe P O 0e + ...,

a

) (4.4.77)
A
Al=i— T (Ta {z,aﬂzT}) — Ay + ...

Vice versa, the coefficients of €, and €% vanish and therefore the currents are conserved:
) Vv A

DV = 9,Al = 0.

On the other hand, the variation of the symmetry-breaking mass term Ly, is

0% + 0% = ifey, B + =] —i{eA,E—ET}Z%Zé‘?MPa—F...

(4.4.78)
= 0Lgp =Y _%bA? (my +ma) @a,
in which case the divergences of the currents become
oVl =0, DAl = —b A? (my +my) pa = —Am2 @, . (4.4.79)

This is the analogue of the PCAC relation (3.1.39). If we take the divergence of the
current in Eq. (4.4.77), we get back the classical equation of motion for the pion field,
the Klein-Gordon equation:

Al =AOp,=-Am2p, = (O+m2)e.=0. (4.4.80)
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4.4.2 Chiral perturbation theory

The approach developed so far looks promising, but it is also not quite satisfactory:
We have eliminated the scalar meson in the linear sigma model at the price of a non-
renormalizable low-energy effective theory. How is this better than the original ap-
proach? After all, it is still just a model that contains certain chosen interactions.

The idea of chiral perturbation theory (ChPT), formulated by Weinberg and
then applied by Gasser and Leutwyler, is the following: we do not know the under-
lying microscopic interactions that constitute hadronic n—point functions, so instead
of providing a specific model for them (like the linear or nonlinear sigma model) we
write down a systematic expansion in all possible terms that are compatible with the
symmetries of QCD. The resulting theory is an effective theory formulated in terms of
nucleons and pions, and eventually also other SU(3) multiplet members, but since it
contains all possible interactions it is a low-energy expansion of QCD.

This theory is non-renormalizable and the resulting Lagrangian will contain infinitely
many terms with infinitely many free parameters. However, this is not a serious issue as
long as we stick to the lowest orders in the expansion in derivatives and pion masses (i.e.,
we work at small momenta and close to the chiral limit). If we can fix a small number
of unknown parameters — the low-energy constants (LECs) — from experiment
or lattice QCD, we should be able to make a range of predictions already at tree level
or at a low loop orders, e.g. for 7w or N scattering amplitudes, electromagnetic and
weak interaction processes, etc.

With the meson matrix ¥ = e'7%/A the quark mass matrix M and the scale A
(identified with the chiral-limit pion decay constant f,) as building blocks, we can or-
ganize the infinitely many possible terms in the Lagrangian by their number of deriva-
tives and powers of pion masses. Because of Lorentz invariance, each term in the
Lagrangian must contain an even number d, = 2,4,6, ... of derivatives, and there can
be no derivative-free term because Tr {£X} is a constant. We can then write

L= L) =4 0404 (4.4.81)
dX

Because each derivative translates to a factor of momentum when taking matrix el-
ements, low orders in derivatives correspond to small momenta and larger-derivative
terms only have a small effect. On the other hand, each instance of the mass matrix
M becomes a factor oc m2, as we saw for the lowest-order term in Eq. (4.4.71), and

T

therefore also enters at order d, = 2. The lowest-order terms are then given by
o L2 Tr {9, 2T 0*3}, Tr {MET + £ M}

o LW . (Tr{g,xt0x})? Tr{9,x19,5} Tr {o"st 05},
T {9,219,5} Tr (Mt + TMT}, (Tr{Mzt £ = M})?, (4.4.82)
Tr{MIMEt + M EMISY, Tr {MIM}

o L) . .

The lowest-order Lagrangian for d, = 2 is just the nonlinear sigma model.
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F1G. 4.14: Chiral expansion of w and N propagators, 7w and N7 scattering.

Unfortunately, the inclusion of nucleons disrupts the power counting because the
nucleon mass is not a small scale, and loop diagrams may contribute at the same order
as tree-level diagrams. This problem is addressed in heavy-baryon ChPT, where
manifest covariance is traded for a systematic power counting.

One can then perform loop expansions® for amplitudes like those in Fig. 4.14:

m 7 and N propagators, where the latter allow one to determine the nucleon mass
as a function of m2.

m 77 scattering near pion-production threshold (s = 4m2, t = u = 0), which is the
onset of the physical region. At threshold, the scattering amplitude is expressed
by the 7w scattering lengths, which vanish in the chiral limit.

m N7 scattering close to pion production threshold s = (M + m;)?, where at the
threshold one can extract the N scattering lengths; etc.

Several ChPT extensions are possible:
m In the case of SU(3), the meson matrix becomes . = e™*#/A
the Gell-Mann matrices:

, where the A\, are

%+L226 xt K+

XNp=V2| T -4l KO | (4.4.83)
— 770 18
K K 210%

m The effect of the axial anomaly can be implemented through a Wess-Zumino-
Witten (WZW) term.

m Since ChPT is still a perturbation theory around small momenta and pion masses,
it cannot generate resonance poles which are nonperturbative effects. This is
addressed in unitarized ChPT, which amounts to solving self-consistent Bethe-
Salpeter equations of the form (3.1.153) but for hadronic correlation functions.

®See e.g. S. Scherer, Adv. Nucl. Phys. 27 (2003) 277, hep-ph/0210398 for explicit calculations.
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F1c. 4.15: Experimental processes involving the nucleon and different types of currents.

4.5 Hadron matrix elements

4.5.1 Scattering amplitudes

Since quarks and gluons are confined in hadrons, we cannot probe them directly in
experiments. Instead, we can learn about their dynamics by probing hadrons with
external currents, e.g. when scattering leptons off hadrons, or by scattering hadrons
on other hadrons. Among the basic observables extracted from such reactions are the
form factors of hadrons, which encode their momentum-dependent interactions with
photons, W and Z bosons. Some of the relevant processes involving the nucleon are
shown in Fig. 4.15:

m e~ N scattering has been essential for learning about the substructure of the
proton. Due to the smallness of the electromagnetic coupling constant aqrp ~ 1/137,
the process is dominated by one-photon exchange. The pioneering experiments by
Robert Hofstadter revealed that the proton and neutron are not pointlike; instead, their
electromagnetic form factors provide information on their substructure in terms of
electric charge and magnetization distributions (Nobel prize 1961). Even today, the nu-
cleon’s electromagnetic form factors are not fully understood, as evidenced by the pro-
ton radius puzzle and other open questions. The emission/absorption of virtual photons
can also turn a nucleon into a resonance, and electromagnetic transition form factors
provide insight on the internal structure of nucleon resonances (N*). Moreover, crossing
symmetry implies that the same form factors describing the interaction with a virtual
photon also enter in crossed processes such as ete™ <3 NN or N® — Nete~. The
latter is an important tool to probe the initial stages of heavy-ion collisions when form-
ing a quark-gluon plasma, since dileptons (ete™ or utu™ pairs) escape the interaction
zone mostly unharmed.

m The axial form factors of the nucleon can be probed by the weak interaction
using W and Z bosons. Examples are neutrino scattering off the nucleon, or the neutron
beta decay which is the process n — pe~v.. The nucleon’s axial charge g4 is a basic
ingredient in many low-energy relations.

m The pseudoscalar form factor of the nucleon is proportional to the N7 coupling,
which enters in the NN interaction through pion exchange.

m The nucleon’s scalar form factor is not directly measurable but related to the
derivative dM /dm, of the nucleon mass with respect to the current-quark mass (the
so-called nucleon sigma term) by the Feynman-Hellmann theorem. In addition,
the Higgs boson could couple to the nucleon through a top-quark loop.
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F1G. 4.16: Experimental processes involving nucleons, pions and photons.

On the one hand, measuring form factors gives us experimental information on
the internal quark-gluon structure of the probed hadrons and their resonances. On the
other hand, these basic quantities appear as building blocks in other scattering processes
(Fig. 4.16), which are experimentally accessible but theoretically more complicated:

m N7 scattering has been the traditional tool for extracting nucleon resonances.
The scattering amplitude has resonance poles, N@ — N* — N, whose residues are
the NN*m coupling strengths. Historically, the nucleon resonances have been named
after the incoming partial wave Los oy in N7 scattering, with L = S, P, D, F, ...:
the Roper resonance is Pi1, the N(1535) is S11, etc. Because many of the higher-
lying excitations predicted by the quark model have not been seen in N7 scattering, a
common assumption has been that they may not couple strongly to N.

m Meson electroproduction is the process Nv* — N M, where the virtual photon
is produced by the electron and M is the meson. In photoproduction the photon is
real. These reactions also create nucleon resonances but involve their electromagnetic
transition form factors. Thus, if some resonance couples weakly to N7 but has a
large electromagnetic coupling, it should be easier to detect in this way. Combined
with improved partial-wave analyses, photo- and electroproduction experiments have
indeed found new baryon resonances in recent years. A typical question here concerns
the separation of the resonance contributions (like Nvy* — N* — NM) from the
quantum-field theoretical ‘background’.

m Compton scattering is the process where two photons couple to the nucleon,
each of which can be real or virtual. It encodes the nucleon’s polarizabilities, which
describe the nucleon’s response to an external electromagnetic field, but also structure
functions and generalized parton distributions (GPDs).

m In deep inelastic scattering (DIS) the nucleon is broken up by the highly
virtual photon and one measures the inclusive cross section eN — eX. DIS encodes
the nucleon’s structure functions, which give us access to the partonic structure of the
nucleon and its parton distribution functions (PDFs). The early DIS measurements in
the 1960s/70s have provided first convincing evidence for the existence of quarks.

m Finally, NN scattering is the elementary reaction in nucleus-nucleus and heavy-
ion collisions which are performed e.g. at the LHC and RHIC. The NN interaction is
also the basic ingredient in nuclear physics, and in contrast to its long-range part which
is mediated by pion exchange, the short-range nuclear force is still not well understood.

Even though this list only contains processes involving the nucleon, the discussion
should make it clear that a good understanding of reactions with baryons and mesons,
and the various couplings and form factors they contain, is essential for many questions
in hadron physics, among them hadron spectroscopy.
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A general matrix element can be written as

Wty | T3 (@) 1) (45.1)

where {p;} and {p;} are the onshell momenta of the incoming and outgoing particles.
The legs associated with the currents (if there are any) are offshell, i.e., their squared
momentum is not fixed but arbitrary. After splitting off the spinors u,, 4, for onshell
spin—% particles, or polarization vectors e for spin-1 particles etc., the remainder can
be expanded in a tensor basis:

MEG (P opn) =D Fi( ) T - Pa)g s (4.5.2)

where the Lorentz-invariant amplitudes or form factors Fj(...) are analytic functions
of the invariant momentum variables and carry the information on the process.

Kinematic variables. Let us work out the kinematics for a generic scattering process
shown in Fig. 4.17,
A(pi) + B(ki) — A'(pg) + B'(ky), (4.5.3)

where the incoming and outgoing states are not necessarily on their mass shells. If
all particles are onshell, then the process describes e.g. eN scattering, N7 scattering
or NN scattering in Figs. (4.15-4.16). If k; is offshell, it corresponds to meson elec-
troproduction or virtual Compton scattering, and if also ky is offshell, doubly-virtual
Compton scattering. An example where only p; is offshell is inelastic eN scattering,
where py is the total momentum of the decay products.

Let us express the amplitude in terms of three independent momenta

_ pitpy k:ki+kf

where p and k are the average momenta of A and B, respectively, and ¢ is the momen-
tum transfer, with the inverse relations

_l’_

=

S

I
N Nk

(4.5.5)

>
|

o
~
I

The amplitudes F;(...) can then depend on six Lorentz invariants p?, k%, ¢>, p-k, p- ¢
and k - ¢. It is convenient to define the Mandelstam variables s, u and ¢,

s=(pi+ki) = (ps+kp)’ = (0+k)>
w=(pi—kp)* = (py —ki)> = (p— k)?, (4.5.6)
t=(py—pi)* = (ki — k)’ = ¢,

whose sum is
s+t+u=2p"+2k" +¢° =p} +p7+k} +kF. (4.5.7)
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Fi1a. 4.17: Kinematics in 2 — 2 scattering and Mandelstam plane for identical masses.

If we write p? = M2, k? = m?, pfc = M'* and kzj% = m’?, then the six independent
variables are given by
9 p-k s—u

where we defined the crossing variable ), and

= = w = =
2 4 4 7 2M? aM?
p2—k2_M2+M’2—m2—m’2 , kq m27m/2

w

2 A ’ ~oM? AM?

For one-particle exchanges in the ¢ channel like in Fig. 4.15, ¢ is the squared momentum
of the exchange particle and it is common to define the momentum transfer variable
¢ _ @

TEC R DR (4.5.9)

In a 2 — 2 scattering process where all particles are onshell and their masses are
fixed, only ¢ and A remain independent. They define the Mandelstam plane, where
the physical regions of the process and its singularity structure can be visualized. The
s, t and u-channel processes correspond to

s channel : 1+2—-3+4,
t channel : 143 —2+4, (4.5.10)
u channel : 1+4—2+3,

where e.g. 3 is the antiparticle of 3 with opposite momentum. Crossing symmetry
implies that all these processes are described by the same amplitudes F;(s,t,u) but
with different physical domains on the Mandelstam plane. In the s-channel reaction,
s > (M +m)? is the square of the total energy in the center-of-mass (CM) frame and ¢
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is the momentum transfer. In the ¢t and u-channel processes, these roles are exchanged.
For example, in N7 scattering the three processes are

s channel : N(p:) + 7t (ki) = N(ps) + 7" (kg),
t channel : N(pi) + N(=pys) = 7 (=k;) + 71 (kg), (4.5.11)
u channel : N(pi) + 7 (=kf) = n (—ki) + N(ps),

where the s, u channels correspond to N7 scattering and the ¢ channel to NN «» w7~
annihilation. In this case the amplitude is symmetric under s <+ u crossing and there-
fore the F; can only depend on t and A\2.

In general, the physical regions in the Mandelstam plane are determined by the

Kibble function bt
as cu
D = stu — >0, 4.5.12
M2+ M?+m2+m? — ( )

where
a = (M>*m?— M>m"*)(M? + m? — M"* —m'?),
b= (M>M"” — m®*m’*)(M? —m? + M"”* —m"?), (4.5.13)
c= (M2m’2 - M’2m2)(M2 —m? - M"”+ m'2) .

For an elastic scattering process with M = M’ and m = m/, this reduces to a = ¢ =0
and therefore
® =t[su— (M*—m*?] >0. (4.5.14)

The simplest case where all masses are equal and therefore stu > 0 is shown in Fig. 4.17.
Examples for such processes are mm or NN scattering. The natural variables to describe
the physical s-channel region (s > 0, ¢t < 0, u < 0) are then the Mandelstam variable
s > 4M? and the angular variable z = cosfcy with —1 < z < 1, where Oy is
the scattering angle in the CM frame, see Eq. (4.5.26). Forward scattering (6cn = 0)
corresponds to ¢ = 0 and backward scattering (fcy = 7) to w = 0. Employing Legendre
polynomials Pj(z), one can perform a partial-wave expansion of the amplitude:

o

F(s,z) =) (214 1) Fy(s) Pi(2) . (4.5.15)
=0

The Mandelstam plane is particularly useful for studying the analytic structure of
the amplitudes. Analyticity means that the scattering amplitudes are analytic functions
of s, t and u regarded as complex variables. Their only singularities are those imposed
by unitarity, which are simple poles due to the exchange of physical particles and
branch cuts due to intermediate multiparticle states. For example, if the s-channel
process in Fig. 4.17 generates a bound state below the two-particle threshold, it will
show up as a pole at some constant s < 4M? which is a line in the Mandelstam plane.
A resonance above threshold will form another line of constant s, however with a pole
on a higher Riemann sheet that can at best produce a bump in the partial wave Fj(s).
If the amplitude is crossing-symmetric in s <+ u, the same singularity structure in the
u channel appears through lines of constant w. If the t-channel process produces bound
states and resonances, they will form lines of constant ¢. Thus, the angular dependence
of the amplitude at fixed s will be influenced by singularities in crossed channels.
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In deep inelastic scattering eN — eX, m = m’ is the electron mass and M the
nucleon mass, whereas W = M’ is the total invariant mass of the particles in the final
state X, which is not fixed (also called the ‘missing mass’). The process is described
by the three variables {s,t,u} or, equivalently, 7, A and any of the variables
w2 — M? pi-4q ¢ T
_ = =2M =— = . 4.5.16

w0 VT M (THw) = T e (4:5.16)
With W > M, the Bjorken variable 0 < x < 1 reduces to x = 1 for elastic scattering.
In Sec. 5.1 we will see that for a one-photon exchange interaction the hadronic part
v*N — X does not depend on A but only on 7 and w. It is parametrized by the nucleon’s
structure functions, which are usually expressed in terms of {7, z} or {v,z}.

w =

Finally, in processes such as Compton scattering or photo- and electroproduction,
the onshell nucleon has mass M = M’ whereas m? or m'> (or both of them) can be
virtual. The amplitude then depends on four variables, for example {s,t, u,w’'} or
{7, \,m2,m'®}, where ' is related to the ‘skewness’ variable.

So far we have not specified any Lorentz frame because the above variables are Lorentz-invariant.
Their interpretation in terms of energies and a scattering angle, however, depends on the reference
frame. In the following we work out the kinematics in the center-of mass and laboratory frames.

® In the s-channel center-of-mass (CM) frame the spatial component of the total momentum
pi + ki = py + ky vanishes:

re() e () () () e

For fixed masses, only two of the variables in (4.5.17) are independent, for example the CM momentum
|k| and the scattering angle defined by k -k’ = |k||k’| cos Ocar, which can be related to the Mandelstam
variables s and t. The variable s = (p; + k;)? = (¢ + E)?> = (¢/ + E’)? is the total CM energy squared.
From the mass-shell conditions one can express all energies in terms of s,

L s+ M? —m?  B= s— M?+m? = s+ M?*—m? = s—M?*+m'? (4.5.18)
2.\/s 2/s 2./s 2./s
as well as the three-momenta:
B P g L M Am) ] [s = (M = m)P]  N(s, M2, m?)
4s s (4.5.19)
B2 B [S — (M + m/)z] [S — (M — m,)Q] _ )\(S,J\I'Q,m’z) '
4s 4s
The triangle function \(z, v, 2) is defined as
Mz, y,2) =2 +9° + 2° — 2wy — 2yz — 222 (4.5.20)
and invariant under permutation of its arguments. The variable ¢ is given by
t=(pi—ps)’=(—¢c)—(k—k) =M+ M?> -2 +2k||k'| cosOcm , (4.5.21)
from where one can relate the scattering angle to s and t:
cosfont — 52 + 2st — s(M? + M? 4+ m?+ m’z) + (M? - m2)(]\4'2 — m’z) . (4.5.22)

VA(s, M2, m2) X(s, M'?,m’?)

For elastic scattering with M = M’, m = m/ these relations simplify to e = &', E = E', k* = k',

_ 2st 3 2 2y 2 2\2 2 2
COS@CM—l-l-W, AMs,M“,m")=(s—M"—m")" —4M"m (4.5.23)
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and the Mandelstam variables in terms of k2 and cosfcnm become

5= (\/k2 + M2 4+ /K2 +m2)2 ,
t = —2k* (1 — cosfom), (4.5.24)

u= —2k> (1+ cosbcm) + (\/k2 + M2 — \/k2 +m2)2

If all masses are equal (m = M), we obtain

R s s—AM? _ 2t R 2 42y 2
e=FE= 5 k” = 7 , cosGCM—1+S_4M2, As, M",M~) =s(s—4M") (4.5.25)
and the Mandelstam variables become
s=4(k*+ M?), t=—-2k>(1—cosbom), u=—2k"(1+cosbom). (4.5.26)

Here, forward scattering (0cm = 0) corresponds to t = 0 and backward scattering (Ocm = 7) to u = 0.

m Next, we consider the lab frame where p; is at rest:

p¢—<]\04>, k—(i) pf—<:,>, kf-(i:) (4.5.27)

We use the same symbols E, E’, ¢, k and k" as before, but keep in mind that these quantities are
not the same as in Eq. (4.5.17) since they are the energies and three-momenta in the lab frame. The
scattering angle in the lab frame is defined by k - k' = |k||k’| cos 6. In this case we have

s=(pi+ki)=(M+E)? -k =M +m®+2ME,
t=(ps—p:)’ =( = M)’ —p* = M>+ M"* —2M¢, (4.5.28)
u=(pi—k;)?=(M-E)—k*=M>+m> - 2ME',

from where we can relate the energies to the Mandelstam variables:

s— M? —m? L O M2aem’? ., MMt
E=—Dyr E=—Dyr e == (4.5.29)
The three-momenta are then given by
2 2 275\(5,M2,m2)
k"=F m = A2 )
Y 2 12
K2 =E% m’= % (4.5.30)
p/2 _ 6/2 _ M/2 _ S\(t,MQ,MIQ) )

4M?

The Mandelstam variables are related by s 4+ ¢ +u = M? + M +m?+m'?. The scattering angle in
the lab frame can be worked out using

t=(ki—k;)?=(E—E) —(k—k)?=m?>+m'° —2EE + 2|k||k’| cos 0, (4.5.31)
from where we obtain

IM2(t —m? —m'?) — (s — M? —m?)(u — M? —m/?)

cosf = = =
\/)\ 5, M2, m?2) \(u, M2, m'?)

(4.5.32)

m A practical example for the case m = m’ = 0 is (elastic or inelastic) e[N scattering with a
nucleon mass M and electron mass m = m’ < M. The lab frame is the natural frame for fixed-target
experiments, where the experimental control parameters are the initial and final lepton energies E, £’
and the scattering angle 0. In this case the above relations become

M —u e’=7M2+M/2_t p’2—7k(t’M2’M/2) (4.5.33)
2M ’ a Ve AT
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and the scattering angle is given by

20 1—cost M?¢
~ = = . 4.5.34
sin” 5 2 (s — M?)(u — M?) (4.5.34)

Expressing the Mandelstam variables through 7, A and w defined in Egs. (4.5.8-4.5.9),
s =M*[14+2(1+w+N)],

t=—4M? 4.5.35
w=M[1+2(r+w-N)], ! (4.5.35)
we find
E=MOM\+71+w), .20 T
= 4.5.36
B =MOA-1-w), 37X (rtw? (4.5.36)
The condition (4.5.12) for the physical region becomes
& =t(su— M*M?) = -16M" 7 [r + (r +w)> = A\?] > 0. (4.5.37)
From the inverse relations
E+ F EE . 5,0 E—-F
A= I 7= s g, erT—W (4.5.38)

we see that the crossing variable is proportional to the average lepton energy. The variable v from
Eq. (4.5.16) plays the role of the energy transfer from the electron to the proton, v = F — E’, and
another commonly used variable is

_pirg _ 204w F

yipi-kii)\—i—‘r—i—w—w’i E’

which becomes the lepton energy loss (0 < y < 1) in the lab frame. In the case of elastic scattering

(w = 0) there are only two independent variables and we have the additional constraint
E = L

142 M sin g'

(4.5.39)

(4.5.40)

m We also work out the cross section for eN scattering. The general form of the cross section for
2 — n-particle scattering has the form
|M? d®

do = , (4.5.41)
4/ (pi - ki)? — M?m?

where |./\/l\2 is the invariant amplitude, d® is the phase space element and the denominator is the
incoming flux factor. For two particles in the final state, the phase space is given by

d*py d*ky
(2m)3 2¢" (2m)3 2E
where p; and ky are the outgoing momenta and ¢’ and E’ their energies in the lab frame, cf. (4.5.27).

Integration over d*p; removes the three-dimensional §—function for three-momentum conservation.
For vanishing electron masses, inserting d*k; = dE'E'>dQ yields

!
dd = ﬂng SIM+E—-E —¢). (4.5.43)

(47)?
We can express the final-state energy by ¢’ = /g2 + W2 = /g2 + M2 + 4M2w, where for elastic scat-
tering the energy-conservation constraint is satisfied for w = 0. Hence, we can rewrite the d—function
in the variable w:

dd = (2m)* 6" (pi + ki — ks — py), (4.5.42)

’ !
, n_ € ) ,
I(M+E—-E —¢')= WE o(w) = dd= 7(47r)2 e dE" §(w). (4.5.44)
On the other hand, we have
! ! !
/dE (e ) JE) ez ) | @aa0 g % _ (4.5.45)
2M|dE/] o 1+ 28 sin? 8,
Combining this with the flux factor 4p; - k; = 4AM FE, we arrive at
2 12
do 1 M| B (4.5.46)

dQ ~ 4M?2 1672 E2
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4.5.2 Form factors

We already motivated the basic ideas behind form factors from an experimental point
of view in Sec. 4.5.1. When resolving the structure of a hadron using electromagnetic
and weak interactions, the elementary structure observables are form factors. Viewed
from a distance, the proton looks like a point fermion that only carries a charge and a
magnetic moment, but when probed with short-wavelength photons (or other currents)
it reveals more and more of its composite nature which is encoded in the momentum
dependence of its form factors.
Form factors are encoded in the current matrix elements

(N'(p)l da (0) A (p2)) (4.5.47)

where |A(p;)) is a one-particle state with onshell momentum p; and [N (py)) one with
momentum ps. The currents jl(z) can be any of the quark bilinears in Eq. (3.1.23)
such as vector, axialvector, scalar or pseudoscalar currents. On theoretical grounds, a
current matrix element can be motivated in several ways:

m In Eq. (3.1.147) we saw that current matrix elements arise from elementary corre-
lation functions at the pole positions, i.e., they are the residues at the hadronic double
pole. This also gives us an intuitive way to understand elastic and transition form
factors: in the second case, the initial and final hadrons can be different and cor-
respond to different poles, provided that the symmetries in the process (e.g. baryon
number conservation) are preserved.

m In Eq. (3.1.141) we found that the contraction of the Bethe-Salpeter wave function
with a Dirac-flavor matrix I't, gives rise to decay constants (0| 77 (0) |\(p)), which are
gauge invariant and depend on the onshell momentum p. In the same way, a current
matrix element arises from the contraction of the object (N (pf)| Tta(z) ¥s(y) [A(pi))
with open quark and antiquark legs:

= (ta)ji Do (N (04)] Toai () 5 () [A(p3))
= (N'(pg)] Ja () X (2s)) = (X (07)] Jq (0) [A(pi)) 7%,
where ¢ = p; —p;. Thus, the current couples to the quarks inside the hadrons as shown

in Fig. 4.18. The resulting matrix element is again gauge invariant and depends on the
two onshell momenta py and p;.

(4.5.48)

The three-point function depends on two independent momenta, e.g. the incoming
and outgoing momenta p; and py, or their combinations p = (p; + pr)/2 and the
momentum transfer ¢ = py — p;. For elastic form factors we have P = p?c = M? and
therefore

pf=p+
bi =p—

PR =p?+ % 4p-g=M> p-q=0
= 4 = g2 (4.5.49)

2 ! 2 _ a2
pi=p*+%4 —p q=M? pr =M=

N N

Thus, the only independent variable is the squared momentum transfer ¢?. Because
¢®> < 0 is spacelike in s—channel processes such as eN scattering, we work with the
spacelike momentum transfer Q2 = —¢? or equivalently 7 = Q2/(4M?).
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BB A

F1G. 4.18: Current matrix element of a hadron, viewed as the Dirac-flavor contraction of the
four-point function in Eq. (4.5.48) in analogy to the Bethe-Salpeter wave function.

Form factors. As a specific case of Eq. (4.5.2), form factors are the Lorentz-invariant
coefficients of current matrix elements. As an example, consider a spin—% particle and a

vector current V# = ¢py#1). In this case, the general decomposition involves the Dirac
and Pauli form factors Fi(¢?) and F5(q¢?):

i,

onf @) | us(pi) - (4.5.50)

(s, s'IV*(0) |pi 5) = s (pg) |1 F1(q®) + 0"

Here o = % [y*,7"] and u,(p;), Gy (py) are the onshell Dirac spinors with normaliza-
tion @y (p) us(p) = 2M Ssy. The dimensionless form factors depend only on ¢2. For

two flavors, the isoscalar and isovector form factors correspond to the currents
VH = gyt1p = iyt u + dytd
vy =y ST (4.5.51)
Vi'= v t3¢ = g (uy'u — dy"d)

and the electromagnetic form factors, which are linear combinations of them, to
the electromagnetic current Vi, from Eq. (3.1.92) with the quark charge matrix

qu 0 1 T3
= = -4+ —=. 4.5.52
Q < 0 qd> 6 + 2 ( )

Why are there just two form factors in Eq. (4.5.50)? Consider the most generic
form of a vector-spinor three-point function Q#(p,q). Poincaré covariance and parity
invariance in principle allows for 12 tensor structures, for example

{" ", @y AL B, s [P 41} (4.5.53)

or linear combinations of those. After sandwiching between the onshell nucleon spinors
u(pf) and u(p;), we can use the Dirac equation (p— M) u(p) = 0 to eliminate all slashes:

u(py) gulpi) = ulps) (by — i) wlpi) =0,
o) pulp) = o) PP ) = Mty uir) (4.5.54)
u(py) V", gl ulpi) = 4alpy) (0" — My*") u(pi) ,

where the last relation is the Gordon identity. As a result, we are left with *, p*
and g* only.
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In addition, charge conjugation imposes the condition
C O (—p,q)TCT = —Q"(p,q), (4.5.55)

where C' = iy?7" is the charge-conjugation matrix. This is satisfied for v* and p* but
not for ¢*, which has opposite C'—parity. To restore it, we would need to attach a
factor p - ¢ so that (p - q) g" becomes the third basis element, but p - ¢ = 0 because the
nucleon is onshell, cf. Eq. (4.5.49). Hence, a vector current matrix element can only
depend on v* and p*. Finally, we use the Gordon identity to express p* in terms of v*
and 0" q, = L[y*, 4], which leads to the form in (4.5.50).

The same principles can be used to establish the matrix elements of an axialvector
current A*#(0), a pseudoscalar density P(0) and a scalar density S(0). In these cases,
the bracket in (4.5.50) must be replaced with

1
9 Gal®) + 7 537 Or(@) . Gal@)ins,  Gs(a?). (4:5.50)

respectively. G 4(q?) is the axial form factor and Gp(q¢?) the ‘induced’ pseudoscalar
form factor of a spin-1/2 baryon. In the limit ¢> — 0, the axial form factor becomes
the axial charge g4 = G 4(0), whose experimental value g4 ~ 1.27 for the nucleon is
known from neutron beta decay. Gs(¢?) and Gg(g?) are the pseudoscalar and scalar
form factors.

One can also write down current matrix elements for baryons with higher spin
(e.g. for J = 3/2 the Dirac spinors must be replaced by Rarita-Schwinger spinors),
which produces more tensors and thus more form factors, or transition matrix elements
between baryons with different spins, or meson form factors, etc.

Current conservation. Next, we want to work out the implications of current con-
servation for the matrix elements. Vector current conservation 0,V* = 0 implies

B (N V(@) [X) = (N V#(0) 1X) 8, €97 = iq, (N|V#(0) [\)e#" L0, (4.5.57)

which means that the vector current matrix element must be transverse with respect
to the momentum transfer g,. Eq. (4.5.50) already satisfies that constraint because
o"quq, = 0 and u(ps) du(p;) = 0, so this does not impose any constraints on the
Dirac and Pauli form factors.

In the axialvector case, the PCAC relation 0, A" = 2mP tells us that

B (N A™(2) [A) = iq, (M| AP(0) |A) €97 £ 2m (N'| P(0) |A) 4 (4.5.58)

Inserted into the matrix elements and using Eq. (4.5.56), this entails

- |75 Gald®) + s Qq;Gp(q% o= [2mGs(¢) ] - (4.5.59)

and with ¢vs = p 5 + 75 P, = 2M 5 using the Dirac equation, we find that the axial
and pseudoscalar form factors are related:

2 !

2 q 2y !
Galq”) + YRYE Gp(q") =

Gs(q?) - (4.5.60)
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It appears that g4 should vanish in the
chiral limit m — 0, but this is not the case
because the pseudoscalar form factor con-
tains pion poles. The four-point function in
Fig. 4.18 must develop meson poles in the

t channel for ¢> = mi, since NN and qq , , :

are compatible with meson quantum num- e
bers. According to Eq. (3.1.121), the residue :
involving the ¢g pair is the Bethe-Salpeter &
wave function of the respective meson and the

residue on the NN pair is the nucleon-meson
coupling constant. Contracted with 75, this
only leaves pseudoscalar-meson poles whose
residues 7y we defined in Eq. (3.1.142). Thus,
at the pion pole G5(¢?) must have the form

F1c. 4.19: Form factors have meson poles
in the t channel.

43) __mi  fx 2
- —G 4.5.61
qz_mgrm WNN(q)a ( )

ju—y

2r,

G5(q2) = Te-—m2 Gﬂ’NN(q2>

(3.1.

which is illustrated in Fig. 4.19. Here we defined an effective pion-nucleon form factor
GrnN(¢?), which absorbs all further pseudoscalar pole contributions and non-resonant
terms and reduces to the pion-nucleon coupling constant GWNN(q2 = mgr) = gxNN
at the pion pole. The factor 2 accounts for Gst, ~ 2G NNt = GrNN Te and the
minus sign makes G5(¢> < 0) positive. Combined with Eq. (4.5.60), we arrive at the

Goldberger-Treiman relation

_fx
M

chiral limit  fr

Gann(0) ———— = gxnNN, (4.5.62)

9gA M

which connects the nucleon’s axial charge with the pion-nucleon coupling. Gnyn(0) is
not measurable in contrast to gnyn =~ 13.2, which is the residue at the physical pion
mass. Together with the experimental values for f; ~ 92 MeV, M ~ 940 MeV and
ga =~ 1.27, the Goldberger-Treiman relation is well realized in nature.

Meson resonances. The appearance of t-channel meson poles in form factors has
far-reaching consequences for their analytic structure. Timelike poles appear not only
in the pseudoscalar form factor G5(¢?), but also in

m the Dirac and Pauli vector form factors F1(¢?) and F5(¢?), which have 1=~ vector-
meson poles e.g. at ¢> = m% or m2 (depending on the isovector /isoscalar channel)
and whose residues are the products of the p/w—nucleon couplings combined with

the p/w—meson decay constants;
m the axial form factor G 4(¢?) which has axialvector 1t+ poles,
m the scalar form factor with scalar poles 01, etc.

The singularity structure is independent of the hadron because microscopically it orig-
inates from the vertex that describes the coupling of the current to the quarks, like the
quark-photon vertex discussed in Eq. (3.1.146) in the vector case.
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timelike: not
ete” > NN accessible

spacelike:
e N —e N

charge,
magnetic moment,...

radius

—4M? 0 Q*

F1a. 4.20: Sketch of a nucleon electromagnetic form factor containing p—meson bumps. The
fictitious curve in the unphysical window is based on the pole structure in the (measured) pion
electromagnetic form factor.

In fact, since only the pion is stable with respect to the strong interaction, all other
mesons have non-zero hadronic decay widths. Their poles must then move into the
complex ¢? plane onto higher Riemann sheets and only produce bumps on the timelike
¢ axis. The respective branch cuts are generated by intermediate multiparticle states
containing two pions (p — 77), three pions (w — 77m), KK, etc.

The situation is illustrated in Fig. 4.20 for a generic elastic nucleon vector-isovector
form factor with p—meson bumps. A similar picture with appropriate JZ¢ poles would
arise for other types of form factors as well. The form factor’s momentum dependence
in the spacelike domain (Q? = —¢? > 0) can be extracted from elastic electron-nucleon
scattering as long as the one-photon exchange process is dominant (more on that below).
The timelike region above pp production threshold (¢? > 4M?) can be accessed in eTe™
annihilation. However, meson resonances should be most pronounced in the window
q*> ~0...4 GeV? which is experimentally not accessible; in the deep timelike region the
resonance peaks are already washed out. Fortunately, precise data are available for the
pion electromagnetic form factor which should display a similar resonance structure as
in the nucleon case. Here the unphysical window is much smaller (¢ = 0...4m2 ~
0.08 GeV?) and the resonance peaks are indeed directly visible in the data, with a
similar shape as in Fig. 4.20.

The timelike resonance structure can be connected with the spacelike behavior of
the form factors through dispersion relations. Like physical scattering amplitudes,
form factors must be analytic everywhere in the complex Q? plane except for branch-
point singularities starting at ¢> = 4m?2 and extending to infinity, which are due to
intermediate two-pion and multiparticle states. The Cauchy formula then tells us that
the form factor in the domain of analyticity can be inferred from knowledge of its value
on a closed contour, which can be deformed to encompass only the branch cut (see
Fig. 4.21). Since the form factor is analytic everywhere else, the difference above and
below the branch cut is proportional to its imaginary part, i.e., the discontinuity along

the branch cut: -
1 F 1 ImF
F(z) = ,%dz () _1 / g- ImEE). (4.5.63)

Z — 20 ™ zZ— 20

2
4m2
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L Im Q2 A Im Q?
= - ', -
.2 Z Re Q? a2 Zo Re Q7

F1G. 4.21: Analytic structure of the form factor F(Q?) in the complex Q2 plane and defor-
mation of the integration contour.

Hence, knowledge of the spectral function Im F'(z) along the cut is sufficient to de-
termine the spacelike form factor as well. On the other hand, since the experimental
knowledge is limited to ¢> > 4M? ~ 4 GeV?, one usually has to make assumptions
about the timelike behavior to extract such information.

Cross section for elastic eN scattering. The nucleon’s electromagnetic form factors
in the spacelike region Q> > 0 are experimentally extracted from elastic eN scattering.
Since the process is reasonably well described by one-photon exchange, we start from
the amplitude (4.1.3) for scattering leptons from a point-like Dirac particle through
one-photon exchange (Born approximation):

2
(&
Mooran (g, p, k) = e Uy (pf) V" o (pi) Un (kg ) Y un(ki) - (4.5.64)

We worked out the kinematic variables in Egs. (4.5.4-4.5.9); in particular, since the
nucleon and electron scatter elastically, we have M = M’, m = m’ and therefore
2 2
p2:M2—qZ, p-q=0, k2:m2—qz, k-g=0 (4.5.65)

so that only 7 = Q%/(4M?) and A\ = p - k/M? remain independent variables. For
unpolarized scattering, we take the spin average

1 4
IMP* =4 S m)P= %L“V Wi (4.5.66)

spins

which factorizes into a leptonic and a hadronic part. The lepton tensor has the form

1
L = 23 o () un (ki) (ko) e (k) =
AN
1 v
= 5 Tr[(ky +m) " (fi +m) "]
(4.5.67)
-9 (k_}ik_;/_’_kzﬂk; — k- kfg”yﬁ—ng”V)
2

2
= 4kE = ¢"q" +2 (‘14 ~ K+ m2> g =4 (kz“k” - iTqﬂ”) :
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where in the final step we used the transverse projector

v g

- (4.5.68)

[T
"=y
Because k-q = 0, the lepton tensor is transverse with respect to the photon momentum
in both Lorentz indices, which reflects the conservation of the leptonic vector current.
For elastic scattering on the hadron side, the hadronic tensor for a structureless fermion
has the analogous form

174 1 7 U v
W =2 D o ()7t (i) 1o (P o (pf) =

oo’

= & T [0y + M)A (i + M) ]

(4.5.69)
=2 (p‘}p;’ + ;i pF —pi-pr g™ +M29“”)
2 2
= 4p'p¥ — ¢'q" + 2 <i p2+M2> g =4 (p”P”+ q4T$“'> :

which is again transverse in both Lorentz indices. Using T} T}, , = 3 and neglecting
the small electron mass, their combination becomes

2 4
L W,y = 16 [(p k)24 qz (B2 +p®) +3 36] —16M* (N2 +72—1),  (45.70)
and with e? = 47 the result for the invariant squared amplitude is
4 2 2
5 € y 16m°a” o 5
|IM* = i LM Wy, = - N +75—1). (4.5.71)

We already worked out the cross section for elastic e N scattering in Eq. (4.5.46),
do _ 1 |MPE”
dQ  4M? 1672 E2’

which is expressed through the initial and final lepton energies E, E’ in the lab frame.
Plugging in the result for | M|?, the differential cross section becomes

(4.5.72)

do a2 B acos?? E 0
- T (a2 =—"2 " (149 tan? = 4.5.73
o - ne2 e T it BT ) )
—_——
Mott

where we exploited the relations (4.5.36-4.5.38) with w = 0 to arrive at the second form.
The Mott cross section describes lepton scattering off a pointlike scalar particle in
Born approximation. The parenthesis reflects the nucleon’s nature as a spin—% particle,
which at this point carries no internal structure.

To take the composite nature of the nucleon into account, we must replace the
pointlike Dirac current with the general current matrix element

u(ps)y*ulps)  —  ulpy) (v“Fl(qQ) + ot % Fz(q2)> u(p;) (4.5.74)
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with Pauli and Dirac form factors F; and F5. Here it is more convenient to work with
the Sachs electric and magnetic form factors

Ge(¢®) = Fi(¢®) — TFi(q%), Gu () = Fi(¢*) + Fa(¢?) (4.5.75)

since they do not produce interference terms o F} F5 in the cross section. The invariant
amplitude then becomes

M =

16 7> [GQE +7G3,

= T (N =712 — 1)+ 272 Gﬂ] , (4.5.76)

and the resulting cross section is the Rosenbluth cross section:

do do G4+ 1G%, 9 5 0

For a structureless fermion (F} = 1, F» = 0 or Gg = Gy = 1) these formulas reduce
to the previous forms (4.5.71) and (4.5.73).

The Rosenbluth cross section allows one to extract the nucleon’s electromagnetic
form factors under the assumption of one-photon exchange. If we define the kinematic
variable
B AN —7r(1+471)
X414
where € = 1 corresponds to forward scattering and € = 0 to backward scattering, the
cross section takes the form

do do eGL +1G3,
— = —-= —_— . 4.5.79
s} <dQ>MOtt e(1+7) ( )

-1
£ = (1 +2(1 4+ 7) tan? g) , (4.5.78)

Because the form factors only depend on 7, at
fixed 7 the dependence of the numerator on ¢ is lin-
ear, which allows one to extract the magnetic form
factor from the intercept at ¢ = 0 and the electric

y 4 <= | —— form factor from the slope in ¢, see Fig. 4.22. This
i == is known as the Rosenbluth method. In turn,

T at large 7 (large photon virtualities Q?) one is less
sensitive to Gg and therefore G is not so well
known at large Q2. The traditional Rosenbluth
results yielded Gg/Gy = const. for the proton at
large Q?, which was in agreement with perturbative scaling arguments. However, more
recent polarization transfer experiments at Jefferson Lab measured the ratio Gg/Gs
directly and found a falloff with Q?, which even points towards a zero crossing. A likely
explanation is that G indeed falls off and that the discrepancy is due to two-photon
exchange effects: although the corresponding diagrams enter with aéED in the cross

eGEZ+ TG,;

Fia. 4.22: Sketch of the numerator
in the Rosenbluth cross section.

section, they are large enough to interfere with the extraction of G at large Q2.

The form factors of the proton are directly accessible in ep — ep scattering, whereas
those of the neutron are extracted from scattering on deuterium since there is no free
neutron target in nature.
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HVP HLBL

F1G. 4.23: Vertex corrections to the muon-photon vertex which contribute to the muon anoma-
lous magnetic moment. The leading QCD contributions are the hadronic vacuum polarization
and hadronic light-by-light scattering diagrams.

Form factor phenomenology. How can we interpret electromagnetic form factors?
The Dirac and Pauli form factors at vanishing photon momentum encode the nucleons’
charges and their anomalous magnetic moments:

FP(0) =1, F'0) =0, FP(0) = kp =~ 1.79, FI0) =k, =~ —191.
For the Sachs form factors Gg and G this implies
Gh(0) = pp =14k, =279, G (0) = pin = ki = —1.91.

The fact that the anomalous magnetic moments differ from zero means that the nucleon
is not a pointlike Dirac particle but carries structure. In the analogous case of leptons,
the coupling of the photon to an electron or muon has the same form as in Eq. (4.5.50).
For pointlike Dirac particles F5(0) is zero, but due to QED corrections one finds

QQED
2w
The leading diagram is the one-loop vertex dressing in Fig. 4.23, followed by higher-
order QED corrections. The fact that F5(0) is much larger for the proton and neutron
implies that they are far from pointlike. The muon anomalous magnetic moment
(‘muon g — 2’) is particularly interesting: it has been measured to great precision
but there is a current ~ 40 discrepancy between experiment and the Standard Model
prediction, which could point towards new physics. Also QCD contributes to this
process through the hadronic vacuum polarization (the diagram in Fig. 3.5) and the
much smaller hadronic light-by-light scattering diagram. Both of these contributions
are tiny compared to the QED effects, but they are almost alone responsible for the

theory uncertainty of the Standard Model prediction.
The slopes of the Dirac and Pauli form factors at Q% = 0 define the Dirac and Pauli
charge radii:

FQ(O) = 4o 1%0. (4580)

Fi(Q?) = F1(0) — ?QM... , F(Q?%) = F»(0) [1 - §Q2+...:| . (4.5.81)

The electric and magnetic charge radii are defined accordingly from Gg and Gjs. Also
here there has been a surprise in the form of the proton radius puzzle: The electric
charge radius of the proton measured in muonic hydrogen was found to be significantly
smaller (r}, ~ 0.84 fm) than the previously established CODATA value inferred from
ep scattering and hydrogen spectroscopy (rk, ~ 0.88 fm). Possible explanations include
again new physics or two-photon effects, although several new measurements (including
ep scattering) tend to agree with the lower radius as well.
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Empirically, it turns out that the Sachs form factors can be reasonably well described
by a dipole shape over a wide @Q? range (except for G, which vanishes at the origin).
The ’dipole mass’ A can then be used to estimate the charge radii:

G;(0) V12
W 5 A ~0.84 GeV = T, = hc A

with hic = 0.197 GeV fm. Such a dipole behavior for the Sachs form factors agrees with
perturbative QCD predictions but has been challenged by measurements of G%,/Gh,
at larger Q% as mentioned above.

Non-relativistically, form factors can be interpreted as Fourier transforms of charge
distributions. Consider the scattering of an electron from a static, spinless source
generated by a charge distribution p(x) that generates the vector potential A (x):

0
OA* = j A”:(‘%), jﬂ:(%”). (4.5.83)

The invariant matrix element is given by

Gi(Q%) ~ ~0.8fm, (4.5.82)

M = ie (ks )y u(k;) / diz e 97 A, (z) (4.5.84)

e
(2m) §(E — E) po F(q) 0,
which comes about as follows: Because A#(x) is time-independent, its Fourier trans-
form in time produces a §—function §(¢°), which enforces E = E’ for the lab energies of
the incoming and outgoing electron, cf. Eq. (4.5.27). The Maxwell equation OA* = j#
then reduces to AA? = —ep, and a partial integration yields

/de e4® A%(z) = pe /d3x "1 p(x) =: pe F(q), (4.5.85)
where we defined the form factor F(q) as the Fourier transformation of the charge
density. Therefore, it measures the deviation from the pointlike nature of the source.
For a spherically symmetric charge distribution p(x) = p(|x|) = p(r) normalized to
[ d3z p(z) = 1, the form factor at small || can be expanded in

F(q):/d?’:cp(:c) <1+z’q-w—(q'2m)2+...> = —|q6|247r/drp(r)7’4+...
—

(r?)

The coefficient of the quadratic term is the mean-square radius of the ’charge cloud’,
which motivates the definition of the charge radius in Eq. (4.5.81).

Examples for charge distributions and their corresponding form factors are shown
in Fig. 4.24: A pointlike charge corresponds to a constant form factor, an exponential
charge distribution to a dipole form factor,

A3

"8

1
(1+|gl?/A%)?’

a Gaussian to a Gaussian and a homogeneous sphere to an oscillating form factor.

p(r) e o F(g) = / A3z ' p(x) = (4.5.86)



4.5 Hadron matrix elements 181

A A
p(r) pointlike exponential Gaussian hom.
sphere
- 7 - T r i
constant dipole Gaussian oscillating
F(lql) |
> q > q q q

F1a. 4.24: Charge distributions and form factors.

For relativistic nucleons, the interpretation of form factors being Fourier transforms
of charge and magnetization distributions has to be taken with a grain of salt. The
formulas still look similar to the nonrelativistic case in the Breit frame, where the
incoming and outgoing proton have opposite momenta (py = —p; = q/2) and hence
the same energies, so that the photon transfers no energy and E' = E; this also implies
Q? = —¢*> = |q|>. Furthermore, the vector current matrix element in the Breit frame
reduces to the form

(s, 0’|V |pi,o) =2M Gg6yrs (pg,d’| V |piyo) = Guxbim x g xo

hence the name ‘electric’ and ‘magnetic’ form factors. The charge densities extracted
from the experimentally measured G%, and G, have shapes shown in Fig. 4.25, which
has led to the picture of a neutron behaving like a proton with a positively charged core
and a negatively charged pion cloud. However, since there is a different Breit frame
for each value of Q?, the relation to charge densities in the lab frame (the rest frame of
the nucleon) will suffer from relativistic boost corrections and hence the interpretation
of the radii as actual charge and magnetization radii is not directly applicable. In
general, while the Lorentz-invariant form factors uniquely specify the electromagnetic
structure of a hadron, their physical interpretation in terms of spatial densities depends
on the reference frame.

Magnetic moments in the quark model. Current matrix elements encode the
complicated nonperturbative substructure of hadrons and have become amenable to
first-principle calculations only in recent years. Nevertheless, we can infer simple re-
lations already from the nonrelativistic quark model. We saw in Eq. (3.2.79) that the
spin-flavor wave functions for ground-state baryon octet states can be written as the
combination of a flavor and a spin doublet:

2
Aoy =D*.D7=>"DpD;, Ac{pn ...}, oe{hl} (4587
=1

combined with a symmetric spatial wave function and the antisymmetric color part.
The flavor doublets D* are the flavor wave functions in Table 3.4, and the SU(2) spin
doublets D7 follow if we replace u by T and d by . The index m denotes the doublet
entries.
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pE (1) p (1)

Fi1G. 4.25: Sketch of the electric charge distributions for proton and neutron in the Breit
frame extracted from the measured form factors G,(Q?%) and G'(Q?).

In the following we are only interested in the spin-flavor part. Its unit normalization
is ensured via

1 N o\ (oY
(No'|\o) = v mz;l (D))" (D)) (D3,)' (DS,) = dxx Gorer (4.5.88)
from where the factor A/ has to be determined. From Table 3.4 one can verify
(05,)" (Dh) = (03) ' (D) = (DL,)T (D) = G (4.5.89)
e.g. with ufu = dfd =1, ufd = dfu = 0:
(Dﬁ’)Jr (DY) = % (u'dTu’ — diuul) (udu — duu) =1,  ete. (4.5.90)

Inserting this in (4.5.88) yields

1 10 2
Wt =ity = 51 () =% = N =2 (45.91)
The expectation value of a generic flavor (F) and spin (") operator is then
3 N\ T A o' \T o 3 MAT ro'o
(No'| FT Ao) = Z (D) F (D)) (D7) 'T (D5,) = S T {F* 177} (4.5.92)
= =I7 7,

which is understood in the sense that F and I' act on the flavor and spin indices of the
third quark in each doublet D, and the factor 3 counts the three possible permutations.
The trace in the last equation goes over the doublet indices. It is useful to work out
the flavor and spin matrix elements of the SU(2) unit matrix and the Pauli matrix 73

for proton and neutron (use T3 u = u, T3d = —d):
1t =g =g = (LU e e (10 (4.5.93)
01 0 -1

The matrix elements of the unit matrix are just those in (4.5.89). Their combination
yields the two-flavor quark charge matrix, cf. Eq. (4.5.52):

(T O _E 3 pp_ 2 (10 nn_ 1 (=10
Q_<0qd>_6+2 = Q"=3100) =3l 01) 159
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from where one obtains the charges of proton and neutron:

(P Qlpt) = gTr QP=1, (nt|QInt) = gTr Q™ =0 (4.5.95)

as well as their magnetic moments:

3
wrQlpt) = ST {@7 '} =1,

2 (4.5.96)
(mt1Qmlnt) = S {QmaT} = -2,

apart from the remaining spatial integral. However, since the spatial part is taken to
be identical for proton and neutron, the last relation yields the quark-model relation
P/ o = —% which is quite close to the experimental value —0.685. Similarly, one can
also work out the magnetic moments for the other ground-state octet members:

pst =1,  pso=3,  px-=pz- =pa=—3, pzo=—3%, (45.97)

and in principle also those of the decuplet baryons.
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Chapter 5

High-energy phenomenology

5.1 Deep inelastic scattering

From elastic eN scattering one can extract the nucleon’s electromagnetic form factors.
In a general inelastic scattering process the nucleon does not stay intact; instead it
breaks up and produces hadronic final states. Depending on the invariant mass of the
hadronic end product, the inelastic cross section then contains nucleon resonance peaks
and nucleon-meson continua. Moreover, deep inelastic scattering (DIS) has given
us first convincing evidence for the existence of quarks since it probes the composite
nature of the nucleon. In DIS the transferred momentum of the photon is so large
that it strikes the perturbative ‘partons’ inside the nucleon, which allows us to describe
the longitudinal momentum distributions of the quarks and gluons through parton

distribution functions.

Fia. 5.1: DIS

Phase space. Employing the variables (4.5.8-4.5.9) with
massless electrons (m = m’ = 0), there are three indepen-
dent Lorentz invariants: the spacelike momentum transfer
T = Q%/(4M?) > 0, the crossing variable A, and the in-
variant mass W = M’ of the hadrons in the final state
which is no longer fixed but also a variable. The kinematic
phase space of the process, which in elastic scattering was
described by the two-dimensional Mandelstam plane, thus
becomes three-dimensional. Instead of W, we could work
with either of the variables w, v or the Bjorken variable x
defined in Eq. (4.5.16):

vV T
W = M+v1+4 = — = —. 5.1.1
V1i+dw, w+T S = 2 ( )

Below we will see that in the one-photon exchange approximation the cross section
factorizes again into a leptonic and a hadronic part, where the hadronic subprocess

only depends on 7 and w.
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F1c. 5.2: Kinematic phase space in inelastic eN scattering at fixed lepton energy E in the
variables (w, 7), left, and (x, 7), right. The physical region is shown in blue and the resonance
region in brown. Lines of constant scattering angle § and Bjorken-x are also included.

To relate the Lorentz invariants to the incoming lepton energy F and the scattering
angle 0 in the lab frame, we infer from the relations (4.5.38):
4¢ sin? g 4¢ sin? g E

T=(e—w =cx , €= —.
( 1+ 4e Sinzg x + 4e sin? 2M

(5.1.2)

N

The resulting phase space in the (w,7) and (z,7) planes is sketched in Fig. 5.2. For
fixed lepton energy F, the physically allowed region is bounded by w = 0 < =z = 1
(elastic scattering), 7 = 0 (forward angles § = 0), and backward angles § = 7 which
for large energies implies 7 =~ ¢ — w =~ ex. This is the blue area in the plot, whose size
is characterized by the external control parameter E: if we increase the energy of the
lepton beam, we can reach higher 7 and w values. We can locate different regions in
these plots:

m At the elastic threshold w = 0 & x = 1, the invariant mass is W = M. The
region W 2 M (or w < 1) is the resonance region where nucleon resonances
appear in the cross section, starting with the A(1232) peak as shown in Fig. 5.3.
Above W ~ 2 GeV, there is no visible resonance structure left.

m The limit 7 + w — oo and w/7 = const. defines the Bjorken limit: this is the
DIS region where scaling occurs. From Eq. (5.1.1) the Bjorken limit corresponds
to v — oo and constant Bjorken-x.

m The region of small x is interesting for several reasons and assumed to give ex-
perimental access to the properties of gluons.
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Fi1c. 5.3: Double-differential inelastic eN cross section from Eq. (5.1.11) at fixed lepton
energy E and scattering angle 6. At large invariant masses, the resonance peaks are washed
out. (Halzen and Martin, Quarks and Leptons: An Introductory Course in Modern Particle
Physics, Wiley, 1984.)

Cross section and structure functions. Let us work out the cross section for
inelastic eN scattering. In an inclusive measurement only the outgoing electron is
detected but not the remnants of the proton. The cross section in the one-photon
approximation still has the generic form of Eqs. (4.5.41-4.5.42) with the same leptonic
tensor (4.5.67). However, the hadronic contribution to the invariant matrix element
|M|? and to the phase space factor now sums over all possible final states,

1 d3k‘f et
AME (21)32F q

bW = e NG V(0 X (00 (X0 Vi)V )

do = LW 4 M WH |

(5.1.3)

x (2m)* 8% (g + pi — ) -
Here we absorbed the integral over d3pf and the d—function for energy-momentum
conservation into a hadronic tensor W#¥ and V&, is the electromagnetic current oper-
ator from Eq. (3.1.92) that enters in the electromagnetic transition from the nucleon
to all possible final states X.
Observe that the hadronic tensor comprises the completeness relation (2.2.5). If we
write the d—function in momentum space as

(2m)* 6% (q +pi — py) = /d4z eilatpi=ps)z (5.1.4)

use translation invariance (2.2.10-2.2.11) to shuffle the z—dependence in the phase
factor €'(Pi=P)% into the current operators, and sum over the complete set of states X,

we obtain:

M W (p, ) = / d4z €% (N ()| VI (3) VL (=3) [N (p3)

| (5.1.5)
:/d4262qz (N ()| [VEa(3), Vet (-3)] IN (pi)) -
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In the second line we replaced the product of the currents by their commutator because
the matrix element of V% (-2) V¥ (%) is zero: it gives rise to a —function d(q—p;+py)
which cannot be saturated by any intermediate state. Energy conservation would re-
quire Ex = M — E+ E' = M — v < M, but the nucleon is the lightest ground-state
baryon. In this way, the hadronic tensor is the matrix element of the current commu-
tator, which is analogous to the commutators in Eq. (3.1.58) and vanishes outside the
light cone. We will return to this expression later.
For now, let us work out the general form of the hadronic tensor W (p,q) in
momentum space. For unpolarized scattering, it can only depend on the Lorentz tensors
T, oy, ¢4, phdt £y, (5.1.6)
where T} = g" — q"q” /q? is the transverse projector and p4. = T4 p, the momentum
transverse to ¢#. Current conservation still holds because the sum of the outgoing
charges must equal the nucleon charge, so WH” must be transverse in its Lorentz
indices: ¢q,WH"” = WH”q, = 0. The most general transverse tensor according to these
constraints is given by

Wa(r,
WH = —Wy(r,w) TH + 2]\(;-;;) PrDT (5.1.7)

where the response functions W; and Wy depend on the Lorentz invariants 7 and w.
From these one defines the dimensionless nucleon structure functions as

Fi(t,w) = M Wi(1,w), Fy(1,w) = v Wa(1,w). (5.1.8)

(For polarized scattering, there are two further spin-dependent structure functions g1, g2
and there is also another term in the lepton tensor.)
Combining this with the leptonic tensor yields

W 2 3
LK ij =4 |:]\422 <(p . k)Q + q4p%> o Wl (kQ + 4q2>:|
= AM? [Wy (N — (T +w)® — 7) + 2W; 7] (5.1.9)

= 4EFE' cos? g [WQ + 2W; tan? Z] :
In going from the first to the second line we used kéﬁ =k p-k=M?>\ k*>= M?r and

) 2 2 M2
(pq2q) = M? <1+2w+7+i>:(7+(7+“})2) ; (5.1.10)

Py =p* — .

and to obtain the third line we exploited Eqgs. (4.5.36) and (4.5.38). The resulting cross

section, which is shown in Fig. 5.3, is

2 a2 0
2

d*o _a2 E’L W o cos

dQdE — ¢* B  4E? sin g

0
[Wz + 2W; tan? 3| (5.1.11)
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How does this compare to the limit of elastic scattering? From (4.5.44) and (4.5.71)
we can write down the double-differential cross section for a pointlike fermion in the
elastic case:

Po IMP 1 Edw) o FE W)
dQdE’  4AME (47)2 2M?2  4M2?72 E 2M

(N +72-7)

5.1.12
042(3082% d(w) L+9rt 5 0 ( )
= T tan” — | .
AE?sin* § 2M 2
Hence, in the elastic limit the response functions reduce to
o 0
Wi(r,w) =7 2(WM) ;o Wa(rw) = 2(;14) (5.1.13)

We can trade the dependence on w by a dependence on the Bjorken variable x using
the relations
v v
T=57 % W= 537
As a consequence, when expressed in terms of 7 and z, the structure functions defined

in Eq. (5.1.14) become

(1—z). (5.1.14)

Fy(r,2) = MWi(r,2) = %5(1 _ ),

Fy(r,x) =vWa(r,x) =6(1 —z).

(5.1.15)

We see that for elastic scattering on a pointlike particle, the dimensionless structure
functions Fj(7,x) and Fy(1,z) are functions of x only; in addition, the d—function
enforces x = 1 in the elastic limit.

For scattering on a composite nucleon, the expressions (5.1.13) in the elastic limit
must be multiplied with the Sachs form factor combinations in the Rosenbluth cross
section (4.5.77). Here one should remember not to confuse the structure functions
F1 and Fy with the equally named Dirac and Pauli form factors. In fact, even their
physical meanings are reversed: By comparing the two cross sections, one can see
that W1 encodes the spin of the target and vanishes for a spinless particle. Thus, the
structure function Fj carries the spin dependence, whereas in the form factor case it
is rather the Pauli form factor (or the magnetic form factor Gjs) that contains the
nucleon spin.

Bjorken scaling and the parton model. One might expect that for inelastic scatter-
ing processes (x # 1), away from the nucleon resonance region, the structure functions
F1 and Fy are complicated functions of 7 and x. However, it turns out that in the DIS
region they are almost independent of 7 and only functions of x:

Fiao(m,2) = Fia(x). (5.1.16)

This is visible in the left of Fig. 5.4 and called Bjorken scaling. Another observation
is the Callan-Gross relation, which implies that F; and F5 are not independent:

Fy(z) = 2xF1(x). (5.1.17)
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F1G. 5.4: Left: scaling behavior in the structure function F»(Q?, z), PDG 2020, P. A. Zyla
et al., Prog. Theor. Exp. Phys. 2020, 083C01 (2020). Right: experimental data for the ratio
and difference of proton and neutron structure functions in Eq. (5.1.29). Source: Halzen and
Martin (see Fig. 5.3).

The origin of scaling can be understood from dimensional arguments, which follow
from the near scale invariance of massless perturbative QCD (up to logarithmic cor-
rections). A dimensionless function can only depend on dimensionless variables. 7 and
w are only dimensionless because we scaled the momenta with the nucleon mass M,
which requires the presence of a nonperturbative nucleon mass to begin with. If we
scatter instead on (nearly) massless quarks, no such scale is available and therefore the
dimensionless structure functions cannot depend on 7 and w individually but only on
their dimensionless combination 7/w ~ ¢2/p - q. Hence, the observation of scaling is
an indication for the composite nature of the nucleon in terms of pointlike, essentially
massless quarks and gluons.

The experimental observation of Bjorken scaling has led to the development of the
parton model. Here the proton is viewed as a collection of ‘partons’, namely valence
quarks, sea quarks and gluons. The incoming momentum p; of the proton (mass M)
is the sum of the parton momenta, p; = Y, pi, where pj, is the four-momentum of a
single onshell parton with mass my. The basic assumption we need in the following is
collinearity: p; = & p;, which can be justified in the infinite momentum frame.
If we write

2 2 2 12 1\2 2
Pz‘=< p+M>, pk=<\/§kp+(pkl+mk>, (5.1.18)
p &k P+ Dy,
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then & defines the longitudinal momentum fraction of parton k in the direction of
the proton’s three-momentum p. In the infinite-momentum frame (|p| — o) we can
neglect the transverse components and masses:

prl<pl, m.<lIpl, = m~&p, Y &=1. (5.1.19)
k

The collinearity assumption allows for a simple interpretation of the Bjorken scaling
variable. We know from Eq. (4.5.16) that elastic scattering on the nucleon corresponds
to z = —¢?/(2p; - ¢) = 1. In the inelastic process (z # 1), elastic scattering on a single
parton k then entails that

2 2
1
1 - To1 = g==u. (5.1.20)

C2%k-q 20 & &

Tg =

In this way, the Bjorken variable x assumes the meaning of the parton’s longitudinal
momentum fraction in the infinite-momentum frame. The photon only couples
to those partons whose momentum fraction is & = x, hence a measurement of the
structure function Fy(z) allows us to ‘see’ how the parton momenta are distributed
inside the proton. In elastic scattering we have x = 1 and the photon couples to the
whole proton since it carries the full momentum. Note that if we want to guarantee
p? = M?, we should set pé and mp = &M. Although this last relation is a bit
nonsensical as it would imply that the ‘mass’ of a parton changes with its momentum
fraction, we need it for consistency of the naive parton model.

Let us define the parton distribution function or PDF as the momentum distri-
bution f;(§) of a parton in the hadron, so that fx(§) d€ is the probability density that
a parton carries a momentum fraction between £ and £ 4+ d¢. Momentum conservation
implies

1
> [deene 1. (5.1.21)
ko

Now suppose we scatter on spin—% quarks. Using the relations (5.1.14) with x = x /&

)

and my = &M, the structure functions F](]C with j = 1,2 for the parton k are

27 = oMW = o9 = Mg 50— ) = (e~ ),
k k
(5.1.22)

2
FP =i =501 —ay) = %5@ —z)=ad(& — ),
and integrating over all partons yields

Fi(z) = 52, €t fa(e),
Fie)=S "¢ [ d F® (e o ' 2 &k Tk 5.1.23
©=% [asn© R - ) a1

Hence we have shown that in the parton model F} and F5 are indeed only functions
of z, and we can confirm the Callan-Gross relation (5.1.16). The latter is also an
experimental indication for the spin—% nature of the quarks: if quarks had spin zero,
Fi(x) would vanish.
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F1a. 5.5: Structure functions for different compositions of the proton.

Due to the Callan-Gross relation only the structure function Fs(z) will be relevant
in what follows. What does it look like? If the proton consisted of a single ‘quark’
that carried all of its momentum, the structure function would have a single peak at
x =1 (see Fig. 5.5). If it consisted of three non-interacting quarks, the quarks would all
carry the same momentum fraction and Fy(z) would have a peak at x = % If the three
quarks interact with each other, they can exchange momentum and hence the momen-
tum fraction carried by each quark will fluctuate; the resulting structure function is a
smooth distribution peaked near x = % Finally, the presence of sea quarks will lead to

an enhancement at small x because sea quarks are created in Bremsstrahlung-like pro-

cesses which are typically enhanced at small momenta and lead to = f(z) 220 const.

Note that gluons will also contribute to the momentum sum rule (5.1.21) whereas the
structure function only probes electrically charged partons (quarks).

Parton distribution functions. Now let’s see how much information on the PDFs
we can gather from experimental data on Fy(x). There is no sensible way to distinguish
two identical partons within a proton, but we can still group them according to the
various quark and antiquark flavors: fi(z) = u(x), u(z), d(z), d(z), etc., so that we
have

= @2 ((u(z) + u(z)) + ¢ (d(z) + d(2)) + ¢ (s(x) + 5(z)) +...  (5.1.24)

It is usually sufficient to stop at the strange quark because the probability for finding
charm in the proton is very small. u(z) is the probability distribution for up quarks in
the proton, @(z) that of anti-up quarks, and so on. One can also measure the structure
function F3' of the neutron via electron-deuteron scattering. Charge symmetry entails
that the d distribution in the neutron is identical to the w distribution in the proton:
u=uP =d", d=dP =u", s = s = s", and analogously for the antiquark PDF's:

£ (2)

((u(z) +a(x)) + ¢2 (d(z) + d(z)) + g2 (s(z) + 5(x)) +...  (5.1.25)

QUN

=q

In the following it will be more convenient to work with valence- and sea-quark distri-
butions, defined via

Il
N

U = Uy + Ug, U
d=d,+ds, d

V)
I
V)

S

- 5 5.1.26
i ( )

S

V)]
Il
w|

because antiquarks and strange quarks can only appear in the sea. Now, since the
PDFs are number densities defined on the momentum fraction x, the integrals over
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this range are just the total flavor numbers of each quark type:

1 1 1
/dxuv(a:) =2, /da:dv(x) =1, /dx [fs(z) — fs(z)] =0. (5.1.27)
0 0 0

The third relation expresses fermion number conservation for each flavor f = u,d, s:
by summing over all individual partons, we must recover charge 1, baryon number 1
and strangeness 0 of the proton.

Can we extract the valence and sea distributions from the data for F3"(z)? We have
two measured quantities but too many unknowns. Let’s make the further simplifying
assumption that all sea-quark distributions are identical: fs(x) = fs(z) =: S(x). Then
the structure functions for the proton and neutron become

Ff(w) _ 2 2, 2 2 299
——— = q, uy(z) + gz do() + (g, + g5 + ¢5) 25(2)
an ) (5.1.28)
T
= = ggu(n) + qudo(@) + (0 + aq + 45) 25(2)
from where we can form their ratio and their difference:
F» w, +4d, + 128 T
R==-2%2=" v FP — F' =2 (uy —dy) . 5.1.29
FY ~ duy +dy +128° y — B =g (w—dy) ( )

The ratio satisfies the Nachtmann inequality i < R(z) < 4: in a region of x where
the up (down) quarks dominate, we have R = 1 (R = 4); if the sea quarks dominate
we will find R = 1. The ratio is plotted in Fig. 5.4 and reveals that the sea quarks are
indeed dominant at small x whereas valence up quarks are important at large . The
difference in (5.1.29) is also plotted: it measures only the valence-quark contribution
and shows a peak around = = 1/3, as we had expected. Finally, the sum

9 24
S ) = (uv +dy+ S) (5.1.30)
can be plugged into the momentum sum rule (5.1.21) which now takes the form

/dl‘x(uv—l—dv+65’)—|—€:1, (5.1.31)

where € is the gluon contribution to the proton’s longitudinal momentum. From the
experimental data we can roughly estimate

9
5/d1: (FY + F) =~ 054~1—¢, (5.1.32)

which entails that the gluons carry almost half of the proton’s momentum. In fact, the
gluon PDF's dominate at small values of z, see Fig. 5.6.
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F1G. 5.6: Valence, sea-quark and gluon PDFs shown at two different resolution scales (PDG,
same reference as in Fig. 5.4).

How good is the assumption that all sea-quark distributions are identical? If we go
back to the original equations (5.1.24) and (5.1.25), take their difference and integrate
over x, we have

F? — fn 1 - 121 2 -
/dw21_2:3/dw(uv_dv+us+as_ds_ds) (51:27)3+3/d1‘(ﬂs—ds)

which should equal % ifug =ds, =8 Ethis is the Gottfried sum rule). Instead, the
experimental value is ~ 0.23 = [ dx (ds —us) ~ 0.15, which entails that the light quark
sea is indeed flavor-asymmetric.

Scaling violations. The left plot in Fig. 5.4 demonstrates that scaling is not exact
because the structure functions show a Q? dependence, which is most pronounced at
small and large values of z. In terms of the PDF's, this implies that their x—dependence
is not completely independent of the resolution scale Q2 but also evolves with @2, which
can be seen in Fig. 5.6. We can intuitively understand this as follows: a photon with
intermediate Q? does not resolve the full spatial structure of the proton and mainly
sees three interacting quarks, together with parts of the sea. In contrast, a high-
Q? photon can resolve small distances and will reveal more and more of the quark
sea which contains short-distance processes such as gluon emission from a quark or
gluon splitting into gg pairs. As a result, the sea-quark contributions will be more
prominent at higher Q2. On the other hand, since the photon can resolve more partons,
momentum conservation implies that each parton now carries a smaller fraction of the
total momentum, and hence the PDFs will be shifted to smaller x. The resulting
structure function Fy(x) that sums up the individual quark PDFs will rise with higher
Q? at small = and fall with higher Q2 at large =.
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The short-distance dynamics depend on the resolution scale through the coupling
as(Q?). As a consequence, the individual quark structure functions sz will no longer be
mere J—functions as in Eq. (5.1.22) but also inherit a Q? dependence from the coupling.
Since the coupling is dimensionless, it also introduces a scale p (the factorization
scale), so that Eq. (5.1.23) becomes

Fe.Q) =Y é [deniem P (6 %), (5.0.33)
k

The Fj(k) encode the short-distance splitting processes and are calculable in perturbative
QCD. The PDFs fi, which now also depend on p, are inherently nonperturbative and
have to be fitted to experimental data or calculated with nonperturbative methods.

Because the nucleon structure function must be independent of the factorization
scale pu, its total derivative with respect to g must vanish. Similarly to the Callan-
Symanzik equation (2.3.66), one then derives the DGLAP equations (Dokshitzer,
Gribov, Lipatov, Altarelli, Parisi) dF;/du = 0. They relate PDFs at different p with
each other and thereby allow one to calculate the scaling violations using QCD pertur-
bation theory.

Compton amplitude and PDFs. How can PDFs be calculated nonperturbatively?
Let us return to the hadronic tensor WH”(q) from Eq. (5.1.5) which enters in the
inelastic eN cross section. By means of the optical theorem, it can be written as
the imaginary part of the nucleon’s forward Compton scattering amplitude:
Ar M WH (p,q) = 2ImTH" (p,q). The forward Compton amplitude Nv* — N~* is
given by

" (p,q) = i/d4z "% (N(pi)| TVE(2) VEL(-2) IN(pi)) - (5.1.34)

If we apply the kinematics in Eqs. (4.5.8-4.5.9), then in the forward limit (vanishing
momentum transfer) we have p = p; = py and the photon momentum is k = k; = ky,
so that k2 and the crossing variable A are the independent Lorentz-invariants. The
variables 7 and x defined in DIS are related to these by

k2 k2 2T

T=SoE YT TR (5.1.35)

Thus, the structure functions, which depend on 7 and x, can be expressed through
the Lorentz-invariant form factors of the Compton amplitude in the forward limit,
which depend on those same variables. The Mandelstam variables s and « in Compton
scattering are given by

{Z}:(pik)2:M2(1—4T:|:2)\):M2<1—4T:|:4£>, (5.1.36)
and the resulting Mandelstam plane is shown in Fig. 5.7. For real or virtual photons we
have 7 > 0, and the physical region for s > M? corresponds to 0 < 2 < 1. The Comp-
ton amplitude has non-analyticities arising from intermediate baryon resonances and
baryon-meson continua. Hence, a theoretical handle on nucleon Compton scattering
allows us to compute the nucleon’s structure functions in DIS.
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F1G. 5.7: Left: Hadronic tensor W#¥ in the parton model, and its relation with the forward
Compton scattering amplitude and its factorized handbag structure. Right: Mandelstam plane
in forward Compton scattering.

What about the PDFs? To begin with, it is important to realize that in the Bjorken
limit the Fourier transform in Eq. (5.1.5) is dominated by the behavior close to the
light cone 22 — 0, i.e., where the two interaction points are separated by a lightlike
distance. This is easiest seen using light-cone variables:

1
ar = — (@ +d®), ar=("a®) = a-b=ab +a b, —ay-b. (5137
V2
Then the integral (5.1.5) becomes schematically:
W(p,q) = /dz_ ela+7= /dz+ eld-=+ / d?z) eTLELT (p, 2). (5.1.38)
z3_<22+z,

The domain of the z| integration is restricted since the current commutator vanishes
outside the light cone (22 = 2z,2_ — zf_ < 0) due to causality. In light-cone variables,

the Bjorken limit v — oo, © = const. corresponds to g1 — oo and q_ = const:
4.5. 2M 2 M
\/ﬁqi:qozlzq3(5:27)yzt V2—g2=v|14,4/1+ ) ~ v Mot
v —Mx+ ...

For ¢4 — oo and ¢ = const, the integral (5.1.38) is determined by the behavior of the
integrand for z_ — 0 and z, finite; this is the area with the least oscillations according
to the Riemann-Lebesgue lemma. The condition 22 < 2z;z_ then implies 2% — 0T
but z* = 0, which is the light cone.

To proceed, we need to work out the current commutator in Eq. (5.1.5). We derived
equal-time current commutators earlier in Eq. (3.1.57) using the anticommutation re-
lations for the quark fields. For free fields one can generalize that formula to unequal
times zg # yo with the generalized anticommutation relations

{v(@), o)} =S -y, {v@)v@)}={v@)y}=0, (5.1.39)
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where S(z) := (i@ + m) A(z), and A(z) is the causal propagator which vanishes
outside the light cone, i.e., for spacelike distances 22 < 0:

d3p e—ipz _ eipz
Az) =
(2) / °E, (27)3

d4p —ipz 0 2 2
PO—E - (2m)3 € e(p”) o(p* —m*), (5.1.40)

and e(a) = a/|a| = O(a) — O(—a) is the sign function. At equal times zy = 0, the
causal propagators reduce to A(z) = 0, JA(z) = —id3(2) and S(2) = 40 63(2) which
reproduces the equal-time (anti-)commutation relations for scalar and fermion fields.
(In contrast to the Feynman propagator (2.2.14), the causal propagator sums up the
positive- and negative-energy pole residues of a free scalar propagator.)

Rederiving the current commutator relation in this case gives the result!

: bur -
95 @) )] = iane 32 (@,9) + dave i (2.9) + 2 5 (@,1), (5.1.41)

which depends on the bilocal currents

JEwy) = 5 (B TS — ) Ut ply) £ 6@ TSty - ) Ttav(@)) . (51.42)

Here we recognize the ‘handbag’ structure from Fig. 5.7 when putting the result
back in the hadronic tensor W#¥; for the electromagnetic current commutator we have
I' = 4* and IV = 4”. The light-cone singularities come from the free propagator S(z)
which for a massless fermion reduces to

S(z) =0, % 9 ((20) 5(=2)).. (5.1.43)

It represents the hard part of the process, namely the scattering of the photon on a
single perturbative quark which was the underlying assumption of the parton model.

The soft part is expressed through the remaining matrix element of bilocal quark-
antiquark currents which is closely related to the quantity in Eq. (4.5.48). One can work
out the Dirac structures for I'S(z)I"” and IVS(—z)I" and expand the resulting currents
in Taylor series about z = 0. This leads to the operator product expansion (OPE),
schematically written as

i(3.-3) =) ai(2) 0i(0), (5.1.44)
7
where the O;(0) are local operators and the ¢;(z) are the Wilson coefficients. The op-
erators which are most important at high Q2 are those for which the c;(z) are most sin-
gular as z2 — 0. This allows for a rigorous definition of PDFs that enter in Eq. (5.1.33)
and makes them accessible for nonperturbative calculations.

Finally, the relation with the Compton amplitude also allows one to define non-
forward generalized parton distributions (GPDs). They encode the transverse
structure of the proton, which is related to the orbital momentum carried by the quarks
and gluons. In contrast to PDFs, they are no longer connected with DIS because a
nonvanishing momentum transfer implies p; # p;. Hence, they have to be extracted
directly from deeply virtual Compton scattering (DVCS) or related processes.

'Extra care should be taken with regard to Schwinger terms, which include derivatives of the
d—function and do not show up in commutators of zero components of currents.
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Appendix A
SU(N)

The group SU(N) is probably the most important symmetry group in particle physics.
SU(2) encodes spin and isospin, SU(3) describes both color and the physics of three
light quark flavors, SU(2) x SU(2) is the universal cover of the (Euclidean) Lorentz
group, etc. In the following we will collect some basic facts and useful formulas.

A.1 Basic properties of SU(N)

The group SU(N) is the special unitary Lie group (UT = U~!, detU = 1) with N? —1
real group parameters. The group element in a given representation can be written as

N2-1
U =exp (z Z 5ata> = exp (i€), (A.1.1)

a=1

where the N? — 1 generators t, are hermitian and traceless. They form the basis of a
Lie algebra with commutator relations

[taatb] = Z.fabc te, (A.1.2)

where fgp. are the totally antisymmetric and real structure constants of SU(N). For
SU(2) one has fupe = €ape; the structure constants of SU(3) are given in Table A.1.
The Jacobi identity for the generators,

[tas [t, te]] + [tos [te, tal] + [te, [ta, t]] = 0, (A.1.3)
implies for the structure constants the relation fupe fede + foce fade + feae fode = 0.

In the fundamental representation, the generators are NV x N matrices. In the case
of SU(2), they are proportional to the Pauli matrices: t, = 7,/2, with

A (O e () A (00)
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dabe abc
fabc abc % 118, 228, 338
1] 123
1| 146, 157, 256, 344, 355
1| 147, 246, 257, 345
—1 | 247, 366, 377
—3 | 156, 367 L_ | 448, 558, 668, 778
V3| 458, 678 Nf S
—J5 | 888

TABLE A.1l: Antisymmetric structure constants f,p. and symmetric symbols dgp. for the group
SU(3). The values for the remaining indices are obtained via permutation.

For SU(3) they are given by the Gell-Mann matrices, t, = A\,/2, with

010 0—i 0 1 00
M=[100], Xa=|i 00|, M=[0-10],
000 0 00 0 00
001 00 —i
M=[000], x=[00 0], (A.1.5)
100 i0 0
000 00 0 L (10 0
X=1001], M=[00-i], X=—=[01 0
010 0i 0 V3100 -2

In the adjoint representation of SU(N), the generators are given by (tq)se = —fabe, SO
they are (N2 — 1) x (N2 — 1) matrices. The generators satisfy

Tr(taty) = T(R) 6 and (Ztg)uzcm)@j, (A.1.6)

where T'(R) is the Dynkin index and C'(R) the Casimir in the representation R:
s fundamental representation: T(R) = 3, C(R) = (N? —1)/(2N),
m adjoint representation: T'(R) = C(R) = N.

From Eq. (A.1.6) it follows that T'(R)D(A) = C(R)D(R), where D(R) is the dimension
of the representation R and D(A) is the dimension of the adjoint (which defines the
dimension of the group).

In the fundamental representation, one has the anticommutation relation

1
{ta, o} = 7 9ab + dave te, (A.1.7)

where the totally symmetric dg. are collected in Table A.1 for the case of SU(3); for
SU(2), they are zero. The structure constants are then obtained by taking traces of
the generators in the fundamental representation, as follows from (A.1.2), (A.1.6) and
(A.1.7):

Jabe = =20 Tr ([tq, tp] te) , dape = 2Tr ({ta, tp} te) - (A.1.8)
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A.2 SU(N) representations

The group SU(N) has N? — 1 generators t, which form the basis of a Lie algebra
defined by the commutator relations in (A.1.2). The group has rank N — 1, so there
are N —1 Casimir operators which commute with all generators and label the irreducible
representations of SU(N). A given irreducible representation is then defined by N — 1
numbers. It has dimension D and defines a D-dimensional invariant subspace that
can be visualized by collecting its basis states in a multiplet. Rank N — 1 also entails
that there are at most N — 1 generators that commute with each other; they form
the Cartan subalgebra (the maximal Abelian subalgebra) and label the states within
the multiplet. The multiplets are therefore geometric structures in N — 1 dimensions.
The remaining generators are ladder operators that connect the states with each other.
Here are examples for N = 2, 3 and 4:

SU(2): The group SU(2) describes angular momentum (spin, isospin, etc) and has
three generators t, (often called J,). It has rank one, so there is one Casimir operator
(tats = J?) whose eigenvalues j(j + 1) label the irreducible representations; the spin
j can take integer and half-integer values. The Cartan subalgebra consists of only
one generator (t3) whose eigenvalues cover the interval —j...j and label the states
within each multiplet. Anticipating the notation for SU(3), we denote the irreducible
representations of SU(2) by DP, where p = 2j = 0, 1, 2,... Their dimension (which
we also call DP for brevity) is then DP = p + 1:

D=1, D'=2, D?*=3, D3=4, ... (A.2.1)

In the two-dimensional fundamental representation D!, the generators are the Pauli
matrices (t, = 7,/2). Because SU(2) has three generators, the adjoint representation
is the three-dimensional one, D?.

SU(3): The group SU(3) has eight generators t,. It has rank two and therefore there
are two Casimir operators (namely tqt, and dgpetq tpte) which label its irreducible
representations. We call these representations DP?; they depend on two quantum

numbers p, ¢ =0, 1, 2,... and their dimension is
1
D=5 p+D@+Dp+a+2) (A.2.2)
The lowest-dimensional irreducible representations are:
DY =3 D*=6 D¥ =10
Do — 1 © _ . Dll=8 e A23
9 D01:37 DO2:6’ ) DOBZ]_O, ( )

The fundamental triplet and antitriplet representations are D' and D'; the adjoint
representation is the octet D'; D% is the singlet and D3° the decuplet. The multiplets
can be constructed graphically as shown in Fig. A.1. The generators t3 and (2/v/3) tg
commute with each other and form the Cartan subalgebra, so their eigenvalues I3
and Y label the states within the multiplets which are therefore planar objects. The
remaining generators are ladder operators and connect these states with each other:

ty =t & itg, Uy = tg & ity Vi =ty £ its. (A.2.4)
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FiG. A.1: SU(3) multiplets. The left diagram shows the generic construction and the remain-
ing ones correspond to the lowest-dimensional representations from Eq. (B.2.7).

A generic multiplet is a hexagon in the (I3,Y") plane; for p = 0 or ¢ = 0 the hexagons
degenerate to triangles. Each hexagon includes further degenerate states that are
obtained by lowering p and ¢ by one unit each.

SU(4): The group SU(4) has rank three and therefore we have three quantum numbers

p,q, r=0,1,2,... to label the representations DP"?. Their dimensions are
1
D= e+ D+ D+ D +r+2)@+r+2)p+gtr+3). (A2

The lowest-dimensional irreducible representations are
DM =15 ... (A.26)

The fundamental representations are 4 and 4, and 15 is the adjoint.

A.3 Product representations

Vectors that transform under the N-dimensional fundamental or antifundamental rep-
resentations of SU(N) satisfy the transformation law

W=Us e =Ugd, ¢ =9lUT e @i =U5Y, (A3

where U € {D',D'°, D'} and U* € {D', D%, D% .} What happens if we
take tensor products of ¥ and ¢*? Higher-rank tensors are defined as those quantities
that have the same transformation properties as the direct product of vectors. To
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keep track of the (anti-)fundamental nature of the representations where they originate
from, it is helpful to introduce upper and lower indices and write:

b=, Wr oy, Uy UL, U5 UY, (A.3.2)

together with the Einstein summation convention (for example, UUT = 1 becomes
U ij U,” = 4}). The coefficients of a generic SU(N') tensor of rank (n,m) then transform
under the product representation

= Ul U ) U U oy (4.3.3)

J1Jm J1

which is, however, not irreducible. To see this, permute the indices for example of a
rank (2,0) tensor — it commutes with the SU(NN) transformation:

w/ ij _ Uik Ujl wkl 7 wlﬂ' — Uj]C Uil wkl = Uik Ujl q/Jlk . (A.3.4)
Therefore, the symmetric and antisymmetric combinations
SU =Ll 4ty AT =L (i — ity (A.3.5)

do not mix under SU(N) and form irreducible subspaces. A 2 x 2 matrix can be
decomposed into one antisymmetric and three symmetric components, a 3 x 3 matrix
has three antisymmetric and six symmetric components; so we can write

SU2): 2®02=14®3g, SUB): 3®3=34D6s. (A.3.6)
These components transform now again under irreducible representations of SU(N):
D'e@ D'=D"g D?, DY@ DY = p ¢ D2 (A.3.7)

That is, if we arrange the components of the 2 x 2 tensor ¥ into a four-dimensional
vector, the reducible representation matrix D! @ D' becomes block-diagonal:

o\’ Do

D2

: (A.3.8)

and similarly for the 3 x 3 matrix ¢“*.

While the symmetry argument is not directly applicable for tensors of mixed rank,
the trace ¢°; is invariant under SU(N) and can be factored out. For example for a
tensor of rank (1,1):

wlii = Uik Uil¢kl = 52 z/Jkl = ¢iia (A-3'9)
so we have 2®2 = 1® 3 in SU(2), 3®3 = 1@ 8 in SU(3), etc. Generally, in
order to study product representations of SU(N) one must work out the simultaneous

irreducible representations of SU(N) and the permutation group. The latter can be
most easily obtained with the help of Young diagrams.

Tt will become clear from the discussion of Young diagrams why 3 instead of 3 appears here.
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Young diagrams. Let’s forget again about SU(N) for the moment. Consider a
quantity fs, .q, that carries n indices (where each can run from 1...N), or suppose
we want to form the n—fold tensor product of N-dimensional vectors: 1, ® - - ® g, .
Without specifying the index range IV, there are n! possible permutations which fall
into irreducible subspaces of the permutation group S,,. These can be visualized by
Young diagrams: take n boxes and stick them together in all possible ways so that the
number of boxes in each consecutive row (from top to bottom) and each consecutive
column (from left to right) does not increase. For example:

Sy DJ,H Ss:  [I1J, Bj,@ Sy [OII1, Hjj, Bﬂ, Ej, E

Eventually we will fill these boxes with the N possible indices (or the N possible vector
components), but let’s see first how far we can get without doing that. A row denotes
symmetrization, a column antisymmetrization. For Ss, [TT7 is totally symmetric in all
indices, Bj has mixed symmetry, and the remaining diagram is totally antisymmetric.
Each Young diagram corresponds to an irreducible representation of S,.

The dimension d of a representation can be inferred from the number of ’standard
tableaux’ that it permits. A standard tableau is filled with (distinct) numbers from
1...n which increase in each row and each column. For example:

1]2] [1]3] 1[2 1[3
128 B o sTal faTql ete (A.3.10)
=1 d=2 d=2

For larger Young tableaux this exercise can become tedious. Fortunately, the dimension
of a Young diagram can be also determined from the hook factor h which is the product
of all hook lengths in a diagram. The hook length of a box counts the number of boxes
directly below and to its right, plus counting the box itself. In the following Young
tableau the hook lengths are given for each box:

3[1]
1 = h=5-3-3-1-1-1=45. (A.3.11)

‘»-Aoocn

The dimension of a Young diagram is then given by d = n!/h (in this example, we
would have d = 6!/45 = 16).

The dimension d is also the multiplicity of each diagram in the n!-dimensional re-
ducible representation of S,. For example in S3, the 6 possible permutations of a
function of three indices can be arranged in a symmetric singlet, an antisymmetric
singlet, and two doublets:

o+ 2- [ +§ S l=6=1+2-2+1=) d?. (A.3.12)

For So, we have 2 =1+ 1 (1] and H) and for Sy: 4/ =14+3-34+2-2+3-3+1.
Phrased differently: in S, we can arrange the 2 possible permutations of f,;, into a
singlet and an antisinglet; in S3, we can distribute the 6 permutations of f,;. into a
singlet, an antisinglet and two doublets; and in Sy, we can arrange the 24 permutations
of fupeq into a singlet, an antisinglet, two doublets, three triplets and three antitriplets.
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Combining SU(N) and S,,. Let’s start to fill up the Young diagrams. Suppose we
are interested in the flavor wave functions of baryons in SU(3)r. We have N = 3
flavors u, d and s at our disposal, and because we are dealing with baryons made of
three quarks we consider the permutation group S3. We start by writing down the
possible flavor content of a wave function before symmetrization:

wuw, wud, udd, ddd, wus, dds, wuss, dss, sss, uds. (A.3.13)

Each column in a Young diagram means antisymmetrization, and if we antisymmetrize
the same flavor the result is zero. Therefore the flavor index must increase in vertical di-
rection (in the sense u — d — s). On the other hand, each row implies symmetrization,
and while we can of course symmetrize the same index ((u]u|# 0), it doesn’t matter
in which direction we do it because the result will be the same (e.g., =[d]u)).
Hence, to avoid overcounting, the flavor index cannot become smaller in horizontal
direction. If we stick to these simple rules, we obtain:

uu‘
v — [ulula), w4 [luld, g (A.3.14)
ddd  — [dldld),  wad — [alaa, [2

from which we can also read off how the remaining combinations work out: sss only
yields a symmetric combination whereas wus, dds, uss and dss produce a singlet and
a doublet each. Finally, the remaining uds produces all combinations:

uds  —  [u[d]s], Zd‘, "C’l’s‘, d]. (A.3.15)

In summary, we arrived at one antisymmetric singlet, eight doublets, and 10 symmetric
singlets. These multiplicities correspond to the irreducible representations of SU(3):

D (singlet) < @, D' (octet) < | D% (decuplet) < [T 1.

In general, each irreducible representation of the group SU(N) can be identified
with a certain Young diagram. Consequently, a given diagram carries now a dimension
d with respect to Sy, but also the dimension D of the SU(N) representation. The latter
can be determined by writing down all possible 'standard tableaux’, where in contrast
to (A.3.10) the entries can also be identical, so that they increase vertically and do not
decrease horizontally. Similarly as before, one can determine the dimension D also via
the hook factor: D = F/h, where F' is determined as follows. Assign a factor N to the
left upper box in the Young tableau; add 1 each time you go to the right and subtract
1 each time you go down:

N [N+1|N+2
N-1| N = F=N?.-(N+1)-(N+2)-(N—-1)-(N-2).

N-2
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Conjugate representation. In terms of Young diagrams, the conjugate representa-
tions can be obtained in the following way. For each column, replace the j boxes in the
column by N — j boxes, and flip the diagram around the vertical axis. For example in

SU(4):

D:@, H=H. H , =[H. (A.3.16)

This entails that representations which only differ by columns of length N attached to
the left are equivalent, for example in SU(3):

j:H:i = LD, (A.3.17)

or in SU(2):

|-, [ = 1, -HH=H (A.3.18)

It also implies that in SU(2) each conjugate representation is identical to the represen-
tation itself:

O=0, [[Mi=0C1, MO=C11]. (A.3.19)

SU(N) representations as Young diagrams. If we put everything together we
arrive at Table A.2, which states the dimension D for the irreducible representations of
SU(N), together with their Young diagrams which carry dimension d. In this way we
can identify each irreducible representation of SU(N) directly with a Young diagram,
for example for SU(3):

D[)Oi@ Dw:D D20:D:| D3O:|:\:\:|

Dm:H’ DOQZH}, DY =, D03:B}}’

In general, the correspondence is given by:

e SU@): D? - [TTT]

e SU3): Dra

e SU(4): DPra
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| ¢ | » | b |s5v@)|sU@® |suw

0 1 1 N 2 5 !
N } N-1 1 (v =1 N 2 8 !
= } N 1 N! 1 ! ! !
Ej}Nfl N -1 N]\Cl NZ-1 3 ° 0
o 1 2 N(me 3 6 19
H 1 2 w 3 0

) 6 NN+D(N+2) 4 10 20
I PO N o |
E . 6 NV-1(N-2) ; 1 4

. 94 N(N+1)(12V4+2)(N+3) 15 35
- 5 g N(N+1)(1\£+2)(N*1) 3 15 45
HHH 5 19 NAN+DN-1) 1 6 20
ﬁj 5 9 N(N+l)(1\;—1)(N—2) - 3 15

TABLE A.2: Identification of irreducible SU(N) representations with Young diagrams for
So, S3 and Sy. The second and third columns state the dimension d of the diagram and the
hook factor h. The remaining columns show the dimension D of the SU(N) representation,

with examples for SU(2), SU(3) and SU(4).

antifundamental, singlet and (highlighted in red) adjoint representations.

The first four rows collect the fundamental,
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In addition, arbitrarily many columns of length N can be attached from the left because
this produces an equivalent representation.

Product representations. Now let’s return to the construction of product represen-
tations. So far we have only looked at products of fundamental representations, e.g.

D®D®D=(Dj@5)®mzmjj@@@@, (A.3.20)

which becomes 3®3®3 =10684% 8@ 1 in SU(3). Now suppose we want to evaluate
a tensor product such as this:

® . (A.3.21)

How does the general rule work? Let’s denote the left diagram by X and the right one
by Y. The prescription goes like this: start by filling the boxes in the top row of Y
with labels ’a’, the boxes in the second row with labels 'b’, etc. Take the ’a’ boxes from
the top row and attach them to X in all possible ways, so that the number of boxes
in each consecutive row (from top to down) and each consecutive column (from left to
right) does not increase. Then,

m If you end up with more than one a in a column, delete the diagram (because a
column means antisymmetrization).

m If a diagram contains a column with N boxes, delete just that column (because
it yields an equivalent representation). If it contains a column with more than N
boxes, delete the diagram (because we cannot antisymmetrize more flavors than
we have).

All identical diagrams count just once. Repeat these steps for the second row in Y
with the b’s, the third row with the ¢’s and so on until you're done. One final step:

m In the resulting diagrams, go from right to left in the first row, then in the second
row, etc. At any point along that path, the number of b boxes you have picked
up must be smaller than the number of a boxes. If this is not the case, delete
the diagram. (For example, if the top right box contains 'd’, you can delete the
diagram because the number of a’s at this point is zero.) Apply the same logic
for #c < #b, etc.

Here’s an example:

D@z (D@@E)@@:@ . al g b@

(A.3.22)

2l
:b @,

In the case of SU(3), this becomes 3@3 = 8 ® 1. (For SU(2), the same relation entails
2®1 = 2 because the second diagram vanishes, and for SU(4) we get 4®6 = 205 4.)
Of course we would have obtained the same result faster if we had started from 3 ® 3,
but with this strategy it is also straightforward to verify more complicated tensor
products.
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We collect some useful results:

m SU(2): here the tensor representations can also be inferred from the angular
momentum addition rules:

202 =163,
Jj+i’
(2j+1D)@ 2 +1) J@‘w( +1) 44=1030507, ( )
=117

20202=20204.

m SU(3): conjugate representations are here no longer equivalent. Some frequently
used decompositions are

33 =138, 606 =108027,
33 =336, 8R8=10808d10010® 27, (A.3.24)
36 =8¢10, 33®3=10808310.

m SU(6): 6066 =20700 70 56.
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Appendix B

Poincaré group

Poincaré invariance is the fundamental symmetry in particle physics. A relativistic
quantum field theory must have a Poincaré-invariant action. This means that its fields
must transform under representations of the Poincaré group and Poincaré invariance
must be implemented unitarily on the state space. Here we will collect some properties
of the Lorentz and Poincaré groups together with their representation theory.

B.1 Lorentz and Poincaré group

Lorentz group. We work in Minkowski space with the metric tensor g = (gu) =
diag (1,—1,—1,—1), where the scalar product is given by

Ty = ngy:xOyO—:c-y:gW:c“y”:xuy“. (B.1.1)

Instead of carrying around explicit instances of g, it is more convenient to use the index
notation where upper and lower indices are summed over. Lorentz transformations
are those transformations 2’ = Az that leave the scalar product invariant:

(Az)-(Ay)=z-y = a2"ATgAy=2"gy = AlgA=g. (B.1.2)
Written in components, this condition takes the form
9op = g Ny A5 (B.1.3)

Since the metric tensor is symmetric, this gives 10 constraints; the Lorentz transfor-
mation A is a 4 X 4 matrix, so it depends on 16 — 10 = 6 independent parameters. If
we write an infinitesimal transformation as Aaﬁ = (5“5 + E’lﬁ + ..., then it follows from
Eq. (B.1.3) that e,3 = —£3, must be totally antisymmetric.

The transformations of a space with coordinates {yi ...yn,z1 ... 2Ty} that leave the
quadratic form (y3 + -+ +y2) — (2} + - -+ + x2,) invariant constitute the orthogonal
group O(m,n), so the Lorentz group is O(3,1). The group axioms are satisfied; there
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Rotations Boosts

Fia. B.1: Invariant hyperboloids for the Lorentz group. Rotations go around circles and
boosts in fixed directions n along the surface.

is a unit element (A = 1), and each A has an inverse element because it is invertible:
ATgA =g = (detA)? =1 = det A = +1. Eq. (B.1.3) also entails

G Mg Ao = (A =D (M%) =1 = (A)*>1. (B.1.4)
K

Depending of the signs of det A and AY, the Lorentz group has four disconnected
components. The subgroup with det A = 1 and A8 > 1 is called the proper or-
thochronous Lorentz group SO(3, l)T; it contains the identity matrix and preserves
the direction of time and parity. The other three branches can be constructed from a
given A € SO(3,1)T combined with a space and/or time reflection:

m SO(3,1)" x spatial reflections: A) > 1, det A = —1
= SO(3,1)" x time reversal: AJ < —1, det A = —1
m SO(3,1)" x spacetime reflection: AJ < —1, det A =1

Lorentz transformations preserve the norm z? = z - z in Minkowski space, which

is positive for timelike four-vectors, negative for spacelike vectors, or zero for lightlike
vectors. Therefore, they are transformations along the hypersurfaces of constant norm
(Fig. B.1). For a four-momentum with positive norm p? = m? these are the forward
and backward mass shells. For vanishing norm the hypersurface becomes the light
cone, and for negative norm the hyperboloid lies outside of the light cone.

Each A € SO(3,1)" can be reconstructed from a Lorentz boost with velocity 8 = °
in direction n (with |8| < 1) together with a spatial rotation R(a) € SO(3):

A | 1fn 1] of -t B.1.5
B ’yﬂn.]l—i—('y—l)nnT O.R(a) ’ 7_\/1—ﬁ2' (B.1.5)
L(B) R(a)

In the nonrelativistic limit |3| << 1 = v ~ 1 this recovers the Galilei transformation.
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The six group parameters can therefore be chosen as the three components of the
velocity fn and the three rotation angles . One can show that interchanging the
order in Eq. (B.1.5) yields

A=L(B)R(a)=R(@)L(R(e) ' B) . (B.1.6)

The rotation group SO(3) forms a subgroup of the Lorentz group (two consecutive
rotations form another one) whereas boosts do not: the product of two boosts generally
also involves a rotation as in Eq. (B.1.6). There are two properties that will become
important later in the context of representations: the Lorentz group is not compact
because it contains boosts (hence all unitary representations are infinite-dimensional);
and it is not simply connected because it contains rotations (so we need to study the
representations of its universal covering group SL(2,C)).

Poincaré group. Actually, the fact that the Lorentz group leaves the norm z? of a
vector invariant is not enough because on physical grounds we need the line element
(dx)? = g datdx” = c*(dt)? — (dz)? to be invariant. This guarantees that the speed
of light is the same in every inertial frame, and it allows us to add constant translations
to the Lorentz transformation:

2 =T(Aa)x = Az +a. (B.1.7)

The resulting 10-parameter group which contains translations, rotations and boosts
is the Poincaré group or inhomogeneous Lorentz group. We can check again that
the group axioms are satisfied: two consecutive Poincaré transformations form another
one,

T(N,d)T(A,a) =T(ANA,d +Na), (B.1.8)

the transformation is associative: (T'T")T" = T (T'T"), the unit element is 7(1,0),
and by equating Eq. (B.1.8) with 7'(1,0) we can read off the inverse element:

T YA,a)=T(A ", —Aa). (B.1.9)

In analogy to above, the component which contains the identity 7°(1,0) is called
ISO(3,1)T, where I stands for inhomogeneous. This is the fundamental symmetry
group of physics that transforms inertial frames into one another.

Poincaré algebra. Consider now the representations U (A, a) of the Poincaré group on
some vector space. They inherit the transformation properties from Egs. (B.1.8-B.1.9),
and we use the symbol U although they are not necessarily unitary. The Poincaré group
ISO(3,1)" is a Lie group and therefore its elements can be written as

U(A,a) = easur M™ eionP" — 1 4 fg MW 4ja, PF+ ... (B.1.10)
where the explicit forms of U(A, a) and the generators M and P* depend on the rep-

resentation. Since €, is totally antisymmetric, M*" can also be chosen antisymmetric.
It contains the six generators of the Lorentz group, whereas the momentum operator
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P* is the generator of spacetime translations. M#” and P* form a Lie algebra whose
commutator relations can be derived from

UN,a)UN,a YU (A, a) =UANA a+ Ad — ANAa), (B.1.11)

which follows from the composition rules (B.1.8) and (B.1.9). Inserting infinitesimal
transformations (B.1.10) for each U(A = 1+¢,a), with U"Y(A,a) = U(1—¢, —a), keep-
ing only linear terms in all group parameters ¢, ¢/, a and a’, and comparing coefficients
of the terms ~ ¢/, ag’, ea’ and aa’ leads to the identities

QMM MPT] = g MYP 4 g"P MM — gHP MY — g MM (B.1.12)
i[P*, M| = g'PP7 — gho PP, (B.1.13)
[P* P"] =0 (B.1.14)

which define the Poincaré algebra. A shortcut to arrive at the Lorentz algebra
relation (B.1.12) is to calculate the generator M*¥ directly in the four-dimensional
representation, where U(A,0) = A is the Lorentz transformation itself:

U(A,0)% = o5 + %aw, (MF)% 4 = A% =05 +e% + ... (B.1.15)
This is solved by the tensor
(MH)% = =i (g"* 65 — g" 5%) (B.1.16)

which satisfies the commutator relation (B.1.12).

We can cast the Poincaré algebra relations in a less compact but more useful form.
The antisymmetric matrix €,,, contains the six group parameters and the antisymmetric
matrix M the six generators. If we define the generator of SO(3) rotations J (the
angular momentum) and the generator of boosts K via

Mij :*ijJk = Ji:—%sijijk, MOi:Ki, (B.1.17)

then the commutator relations take the form

[T, JT) = ey J¥, [J*, P7) = ieyn, PF, [P, P7] =0,
[Ji, Kj] = igijk Kk, [Kl, P]] = Zdz] Po, [JZ, Pg] = 0, (Bllg)
[K(LvK’]] = _Zaljk Jka [KerO] = ZPZ? [szp[)] =0
If we similarly define g;; = —¢&;j, gbk and ep; = s*, we obtain
lew MW =i¢p-J+is K. (B.1.19)

J is hermitian but, because the Lorentz group is not compact, K is antihermitian
for all finite-dimensional representations which prevents them from being unitary.
From (B.1.18) we see that boosts and rotations generally do not commute unless the
boost and rotation axes coincide. Moreover, Py (which becomes the Hamilton operator
in the quantum theory) commutes with rotations and spatial translations but not with
boosts and therefore the eigenvalues of K cannot be used for labeling physical states.
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Casimir operators. The Casimir operators of a Lie group are those that commute
with all generators and therefore allow us to label the irreducible representations. The
Lorentz group has two Casimirs which are given by

Cr=iM"M, =J°-K?  Cy=LM"M, =2J K. (B.1.20)
The ’dual’ generator is defined in analogy to Eq. (2.1.32): MW = L cpap M. Us-
ing [AB,C] = A[B,C] + [A,C] B it is straightforward to check that both operators
commute with M*; they are Lorentz-invariant.

Unfortunately, when we turn to the full Poincaré group C; and Cs do not commute
with P, so they are not Poincaré-invariant. In turn, P? = PHP, is invariant; from
Egs. (B.1.13-B.1.14) it is easy to see that it commutes with all generators P* and M*”
(for example, the contraction of (B.1.13) with P* gives zero). P? is therefore a Casimir
operator of the Poincaré group. The second Casimir is the square W? = WHW,, of the

Pauli-Lubanski vector 1
Wy = =5 Epor MP7 P (B.1.21)

Since W* is a four-vector, W? is Lorentz-invariant and must commute with M*. WH
commutes with the momentum operator because of Eq. (B.1.13), [P*,W"] = 0, and
therefore also [P*,W?2] = 0. Hence, both P? and W? are not only Lorentz- but also
Poincaré-invariant. Written in components, the Pauli-Lubanski vector has the form

Wo=P.-J, W=RJ+PxK. (B.1.22)

Working out W? in generality is a bit cumbersome, but for P2 = m? > 0 we can define
a rest frame where P = 0. In that frame one has Wy = 0, W = m J and W2 = —m?J?2.
The eigenvalues of J2 in the rest frame are j(j+1), but since W? is Poincaré-invariant,
so must be j. Here lies the origin of spin: from the point of view of the Poincaré group,
the mass m and spin j are the only Poincaré-invariant quantum numbers that we can
assign to a physical state.

We can derive this in another way so that also the connection with the Casimior op-
erators (B.1.20) of the Lorentz group becomes more transparent. Define the transverse
projection of M*" with respect to P:

prpY
-5

M =Tr TP M, with TH = g (B.1.23)

Because the components P* commute among themselves and also with P?, they also
commute with the transverse projector,

(PR, M?%) = [P*, TP T8 M) = TP T [P M5 L) 0, (B.1.24)

and the commutator relations (B.1.12-B.1.14) become

i MY, M7 =T MY + TP MY — THP MY — TV MY?
[Pt M| =0, (B.1.25)
[P, P'] =0.
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The square of M fj is now indeed Poincaré-invariant because it commutes not only with
M but also with P*. To establish the relation with W?2, one can derive!

. 1
M = ~ 52 eheBp, Wy,

N 1 1 (B.1.26)
B = 5 e (M )ag = 23 (PP — PP
from where it follows that
2 P2 ny Py
w :—7ML (M) MY (M) =0. (B.1.27)

W? is therefore the analogue of C; from the Lorentz group whereas the remaining
possible Casimir vanishes identically. Along the same lines one obtains the relation

[WH W] = —iP2 M = ic" PP, Wj (B.1.28)

that will become useful later. From the 1/P? factors in the denominators of these
expressions we also see that the massless case P? = 0 will be special, cf. Sec. B.3.

B.2 Representations of the Lorentz group

Reducible vs. irreducible representations. Let’s work out the irreducible repre-
sentations of the Lorentz group. The discussion is similar to that in App. A for SU(N)
except for some additional complications due to the richer structure of the group. A
Lorentz tensor of rank n is defined by the transformation law

(THH-T = AH Ag. ATy TP (B.2.1)
N————
n times
so we can always construct the representation matrices A", AY g of the Lorentz
transformation as the outer product 4 ® 4 ® - -+ of the 4-dimensional defining repre-

sentation A. However, these representations are not irreducible. Take for example the
4 x 4 tensor T, which has in principle 16 components. Its trace, its antisymmetric
component, and its symmetric and traceless part,

S=T%, AW =1(T" —-T""),  S"=31(T"+T") —-L1g"s, (B22)

do not mix under Lorentz transformations: an (anti-) symmetric tensor is still (anti-)
symmetric after the transformation, and the trace S is Lorentz-invariant. The trace
is one-dimensional, the antisymmetric part defines a 6-dimensional subspace, and the
symmetric and traceless part a 9-dimensional subspace, so we have the decomposition
424=106d9.

Use the properties that €00 M?7 P* = €502 M{” P* in the definition of W*, that P* commutes
with M?? and W*, and insert the identity e,apx " por P \PT = —p? (TopTso — TaocTs,). Note that

the e—tensor switches sign when lowering or raising spatial indices; €08 = 1 and e"v® = _1 for an
even permutation of the indices (0123).
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Fi1c. B.2: Multiplets of the Lorentz group: tensor (shaded) vs. spinor representations.

Is there a simple way to classify the irreducible representations of the Lorentz
group? If we define
A=1(J-iK), =1 (J+iK) (B.2.3)
(

and calculate their commutator relations using Eq. (B.1.18), we obtain two copies of
an SU(2) algebra with hermitian generators A; and B;:

[Ai, A]] = iEijk Ak 5 [Bi, Bj] = isijk. Bk 5 [Au Bj] =0. (B.2.4)

The two Casimir operators A? and B? are linear combinations of Eq. (B.1.20) with
eigenvalues a(a + 1) and b(b + 1), hence there are two quantum numbers a, b =
0, %, ,... to label the multiplets. We will denote the irreducible representation ma-
trices by

D(A) _ e%wl_“/ M _ eiqS.Jﬂ—is.K’ MZ] = —&ijk Jk” MDi — Ki, (B25)

where in an n-dimensional representation D(A), M*, J and K are n X n matrices.
The generators M* are not hermitian because they contain the boost generators, and
therefore the representation matrices are not unitary. Their dimension is

D% = (2a+1)(2b+ 1), (B.2.6)
which leads to

1
D=2 D=3 11
-, ©, D22=4, ... D=9, ... B.2.7
DO% = 2 DOl = 3 ( )
The generator of rotations is J = A + B, so we can use the SU(2) angular momentum
addition rules to construct the states within each multiplet: the states come with all
possible spins j = |a — b|...a + b, where j3 goes from —j to j, see Fig. B.2.
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Tensor representations. Let’s first discuss the ‘tensor representations’ where a + b
is integer (the shaded multiplets in Fig. B.2). These are the actual irreducible repre-
sentations of the Lorentz group that can be constructed via Eq. (B.2.1):

m Trivial representation D = 1: here the generator is M*” = 0 and the
representation matrix is 1. This is how Lorentz scalars transform.

m Antisymmetric representation: the 6-dimensional antisymmetric part A*” of
a 4 x 4 tensor belongs here. It is the adjoint representation because its dimension
is the same as the number of generators. If A*” is real, it is also irreducible; if it is
complex it can be further decomposed into a self-dual (D'%) and an anti-self-dual
representation (D), depending on the sign of the condition A* = :t% eMVPTA oy
In Euclidean space A" is always reducible and therefore the antisymmetric rep-
resentation has the form D0 ¢ DO,

m Vector representation D33 = 4: The four-dimensional vector representation
plays a special role because the transformation matrix is A itself, and it can
be used to construct all further (reducible) tensor representations according to
Eq. (B.2.1). The transformation matrices act on four-vectors, for example the
space-time coordinate x* or the four-momentum p*, and they are irreducible
because A mixes all components of the four-vector. The generator M has the
form of Eq. (B.1.16).

m Tensor representation D'' = 9: This is where the 9-dimensional symmetric
and traceless part S*” of a 4 x 4 tensor belongs.

The Lorentz group has two invariant tensors ¢*” and **®# which transform as

9" = NG N g™ =g,

M7 = A N g AP A5 P10 = (det A) P (B.28)
g™ is a scalar and e"*8 is a pseudoscalar since it is odd under parity (det A = —1).
Their (anti-) symmetry can be exploited to construct the irreducible components of
higher-rank tensors. For example, higher antisymmetric tensors in four dimensions
become simple because we cannot antisymmetrize over more than four indices. A#P
has 4 components; they can be rearranged into a four-vector €4, A**? that transforms
under the vector representation. A**#° has only one independent component A%?3 that
can be combined into the pseudoscalar €, o A**7, and A#P°T = 0.

Spinor representations. The analysis also produces spinor representations where
a + b is half-integer. These are not representations of the Lorentz group itself but
rather projective representations, where instead of D(A") D(A) = D(A’A) one has

D(A') D(A) = N2 D(A'A), (B.2.9)

with a phase that depends on A and A’. In our case, ¥ = +1 and so the projective
representations are double-valued: one can find two representation matrices £D(A)
that belong to the same A. However, both of them are physically equivalent and
therefore the representations in Fig. B.2 are all relevant.
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The origin of this behavior is that the Lorentz group, and in particular its subgroup
SO(3), is not simply connected. The projective representations of a group correspond
to the representations of its universal covering group: it has the same Lie algebra, which
reflects the property of the group close to the identity, but it is simply connected. In the
same way as SU(2) is the double cover of SO(3), the double cover of SO(3,1) is the
group SL(2,C). It is the set of complex 2 x 2 matrices with unit determinant and, like
the Lorentz group, it also depends on six real parameters. A double-valued projective
representation of SO(3,1)" corresponds to a single-valued representation of SL(2,C).
Similarly, the double cover of the Fuclidean Lorentz group SO(4) is SU(2) x SU(2);
these are the representations that we actually derived in Fig. B.2. Hence we arrive at
another type of chiral symmetry, labeled by the Casimir eigenvalues a (left-handed)
and b (right-handed): representations with @ = 0 or b = 0 have definite chirality,
whereas those with a = b are called non-chiral. Here are some of the lowest-dimensional
irreducible spinor representations:

m Fundamental representation: D3° and D% have both dimension two and
carry spin j = 1/2. They are the (anti-) fundamental representations because all
other representations can be built from them. The generators are A = F and
B = 0 for the left-handed representation and vice versa for the right-handed one,

where o; are the Pauli matrices, and hence the spin and boost generators become

p:. g=2 k=2  p%.g=2 K-=--Z. (B.2.10)
2 2 2 2
The representation matrices are complex 2 x 2 matrices € SL(2,C), and the
corresponding spinors are left- and right-handed Weyl spinors ¢y, ¢¥g.

m Dirac (bispinor) representation D3%@ D% Under a parity transformation,
the rotation generators are invariant whereas the boost generators change their
sign: J — J, K — —K. Therefore, parity exchanges A <+ B and transforms the
two fundamental representations into each other, and a theory that is invariant
under parity must necessarily include both doublets. This is the reason why
spin-1/2 fermions are treated as four-dimensional Dirac spinors 1, which can be
constructed as the direct sums of left- and right-handed Weyl spinors:

_ a/2 0 > _ ioc/2 0 [
J—< 0 0'/2>_2’ K—( . —w/2>’ w—<¢R>. (B.2.11)

The resulting generator M* = —% [v*,4"] satisfies again the Lorentz algebra
relation. The Dirac spinors transform under the four-dimensional representation
matrices: 1/ = D(A), ' = ¢ D(A)~!. Therefore, a bilinear 17 is Lorentz-
invariant, ¥y*¢ transforms like a vector because D(A)~ ' y*D(A) = A*, ¥, etc.

m Rarita-Schwinger representation: The same point3would in principle apply
to spin—% fermions in the (eight-dimensional) D2° @ D%2 representation, but it is
more convenient to construct them as Rarita-Schwinger vector-spinors % via

D3t g (D@ D%) = (D@ DiY) & (D' & D'3), (B.2.12)

which in turn requires additional constraints to single out the spin—% subspace.
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F1G. B.3: Visualization of ¢'(x) = p(A~!'x). Compare this with quantum mechanics: if
x — Rx and ¢ — Uy, then (z|Uyp) = (R~ z|p), or equivalently: o(x) — Up(x) = o(R™'x).

This last example may seem a bit contrived, but remember that from the perspective
of the Poincaré group only the Casimirs P? and W? are relevant. For a massive particle
the eigenvalues of W? in the rest frame coincide with j, but since W?2 is Poincaré-
invariant, all properties associated with j hold in general. Therefore, the multiplet
assignment D% in Fig. B.2 is strictly speaking meaningless because the only quantity
that really matters is the spin content j: a particle with spin j = % has two spin
polarizations, a spin-1 particle three, and so on.

In the nonrelativistic limit where Lorentz transformations reduce to spatial ro-
tations, the multiplets in Fig. B.2 are no longer irreducible but we can decompose
them with respect to SO(3) (or its universal cover SU(2)). For example, a four-vector
V# = (VO V) defines an irreducible representation of the Lorentz group, but from the
point of view of the SO(3) subgroup it is reducible (4 = 1@ 3) because V? is invariant
under spatial rotations (it has j = 0), whereas the three spatial components form an
irreducible representation with j = 1. Similarly, the symmetric and traceless part of a
4 x 4 tensor is reducible: 9 =1® 3 ¢ 5.

B.3 Poincaré invariance in field theories

Field representations. So far we have only considered the Lorentz transformations
of spacetime-independent quantities (scalars, vectors, spinors etc.). They transform
generically as ¢} = D;;(A) ¢;, where i and j are the matrix indices in the given repre-
sentation. When we consider fields ¢;(x), the transformation 2’ = Az must also act on
the spacetime argument:

oi(z) = Dij(A) gj(A'z) & ¢i(a') = Dij(A) gj(x). (B.3.1)

The appearance of A~! is consistent with the usual symmetry operations in quantum
mechanics, cf. Fig. B.3. We can now define two types of infinitesimal transformations.
The first is the same as before and expresses the ‘change in perspective’:

1

Opi = i) = wilw) = 5 e (ME")ij 5 (), (B-3.2)

with the finite-dimensional matrix representation of the generator M*” (we added the
subscript S for spin to distinguish it from what comes next). For example, a scalar
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field ¢'(2') = ¢(x) is Lorentz-invariant and has d¢ = 0. On the other hand, when we
want to measure how the functional form of the field changes at the position x (see
again Fig. B.3), we have to work out

dopi = () — @i(z) = (2’ — dx) — pi(x) = dp; — bz, " ;. (B.3.3)

The infinitesimal Lorentz transformation has the form dx, = €, ¥, and therefore

—0x, Oy = —ep a0V = %6“1, [—i (210" — " 0)] i, (B.3.4)

TV
. A MY
= M}

where M{" contains the orbital angular momentum and satisfies again the Lorentz
algebra relations. Before discussing it further, let’s generalize this to Poincaré trans-
formations right away. For pure translations each component of the field is a scalar:

i) =gi(xr —a) & @) =wi(z), (B.3.5)

and hence d¢; = 0 and dop; = —a,0"p; = ia, P p;, with P* =i0". The total change
of the field is therefore
i 174 124 3
Piw) = pile) + | 2 (ML + ML) +iauP¥ | 0ya). (B.3.6)
ij

M{" and P* are differential operators that satisfy the Poincaré algebra relations when
applied to ¢;(xz). They are diagonal in i, j whereas the spin matrix MS“ ¥ depends on
the representation of the field. In the same way as M* = Mé” Y + MM, the angular
momentum and boost generators extracted from Eq. (B.1.17) are the sums of spin and

orbital angular momentum parts: J =S + L and K = Kg + K, with
L=xxP, Ky =xzP’— 2P, PH = 9", (B.3.7)
Note that the boost generator is explicitly time-dependent.

Poincaré invariance of the action. The invariance of the classical action under
Poincaré transformations has similar consequences as for global symmetry groups,
cf. Sec. 3.1: there are conserved Noether currents, and after quantization the corre-
sponding charges form a representation of the Poincaré algebra on the state space.

To derive the current we have to add variations of spacetime to Eq. (3.1.2):

58 = /d4x60[,+/d4x 8M£51:”+/(5d4x)£ = /d4x [50£+8M(£5x“) . (B.3.8)
R
Eq. (3.1.2)

The first term is the same as in Eq. (3.1.2) except for the replacement § — &y, because
it contains only the variation in the functional form of the fields. To arrive at the last
expression we used édiz = dx Ouéx*. The new derivative term will contribute to the
current, which becomes

—Ojt = Loz"+ )Y (B.3.9)

0L s
D) T
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Inserting dpp; = dp; — Iz 0%, from Eq. (B.3.3), we can reexpress this in terms of d¢;:

oL oL
',U,: - [63 i — pHo a — —_— i - B 1
5] {g&@mﬁwag 45$ ghﬁwﬁ@ (B.3.10)

=:Tho

TH defines the energy-momentum tensor whose 7% component is the Hamiltonian
density: T% = ; o; — L = H. We can now derive two types of conserved currents that
reflect the invariance under translations or Lorentz transformations:

m For pure translations x — x + a we have dx, = a, and the fields are invariant,
d¢; = 0. Hence, the second term in (B.3.10) drops out and the translation current
is just the energy-momentum tensor itself: §j# = a, TH“. Translation invariance
of the action entails that its divergence vanishes: 9, T#* = 0.

m For pure Lorentz transformations the group parameters are €,3 and therefore

1
0o = €0p 7, dp; = 5 as (Mgﬁ)ij ©j . (B.3.11)
Inserting this into Eq. (B.3.10), writing dj# = %%5 mt*P and using the anti-
symmetry of €43 we find the conserved current

oL (
8@#%‘)

mteP = pragh _prBya g el gnal — MS$P)i 05, (B.3.12)

with 9, mtB = 0. The first two terms encode the orbital angular momentum
and the third term is the spin current.?

If we substitute the explicit form of the energy-momentum tensor into Eq. (B.3.12)
together with P* = {0 and M = Mg“’ + M{", we can write the two currents as

oL
TH = —i ———< P%p; — g"* L,
a(au%')

oL
,L":O‘ﬁ — MalB .
" ") T

(B.3.13)
+ (xaguﬁ _ xﬁgua) L.

The corresponding constants of motion, whose total time derivatives vanish, are the
zero components of the currents T#* and m**? when integrated over d>x:

W:/@ﬂm, sz/fmww. (B.3.14)

In the quantum field theory they will form another representation of the Poincaré
algebra that acts on the state space.

2 An alternative form of the energy-momentum tensor is the Belinfante tensor, which is still conserved
(and hence physically equivalent) but symmetric in o and 8: @%% = 78 — % D, (sH08 4 sBr _ ghnay
To prove this, use the antisymmetry of s*'*# in «, 8 and the conservation law @Lm“""ﬁ =0.



B.3 Poincaré invariance in field theories 223

Dirac theory. As an example, consider a free Dirac Lagrangian £ = v (P — m) 1.
The Poincaré transformation of the field is ¢/’(2') = D(A) (), where D(A) has the
form of Eq. (B.2.5) with M§” = —% o* = —% [y#,4”]. From Eq. (B.3.13) we have

8(851&) =ik 700 — prO v — L, mOi = wTM RS (B.3.15)
oL _ 0i _ 1t pi 0,00 — ot g0 o)y _ i e
0nD) 0 T YT P ), m YTMPp — 2L,

and we can read off the constants of motion (X¢ = J ;5 07%):
. — - . >
PO—/d3x¢(~y-P+m)w, P_/d%wpw, J—/d?’wa[wxP—i—z]w.

In relativistic quantum mechanics the field ¢ (x) is interpreted as a particle’s wave
function that belongs to a Hilbert space, and a Lorentz-invariant scalar product for
solutions of the Dirac equation (P —m) = 0 is imposed:

() = /daw(@ () = /d?’xz/JT(x)w(a:). (B.3.16)

It has the same value on each spacelike hypersurface ¢ in Minkowski space, and choosing
it to be a slice at fixed time yields the second form. For solutions of the classical
equations of motion the terms proportional to the Dirac Lagrangian £ in (B.3.15) can
be dropped and the conserved charges become the expectation values of the operators
P and MB:

pe = / BT = (Y|P, M = / dBxm®P = (Y|M*Pyp)y.  (B.3.17)

One can show that both operators P* and M®? are hermitian: (1|0 12) = (O 11|1)a),
and therefore the representation provided by Eq. (B.3.6) is unitary. This has become
possible because, when applied to spacetime-dependent fields ¢ (x) that depend on a
continuous and unbound variable z, the representations are now infinite-dimensional
(they are differential operators). Specifically, the spin contribution to the boost genera-
tor KZS = —% o —%’yofyi is still an antihermitian matrix, but its sum K = Kg+ K7,
with the differential operator K = x P° — 20P is indeed hermitian. An analogous
Lorentz-invariant scalar product for scalar fields ¢(zx) is

(¢lo) = ;/da“cb*(rc) B, () = ;/d% 6" () Do d(z), D= 0,—0,. (B.3.18)

Unitary representations of the Poincaré group. Now what about the quantum
field theory? A theorem by Wigner states that continuous symmetries must be imple-
mented by unitary operators on the state space. The Lorentz group is not compact be-
cause it contains boosts, hence all unitary representations must be infinite-dimensional.
This is realized in the quantum field theory: the fields ¢;(z) become operators on the
Fock space, and the constants of motion in Eq. (B.3.14) are hermitian operators that
define a unitary representation of the Poincaré algebra on the state space:

U(A, a) = exom M ionP — 1 4 dc N[ 4 ja, PP .. (B.3.19)
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What is the irreducible state space? One of the axioms of quantum field theory is
that the vacuum is the only Poincaré-invariant state: U(A,a)|0) = |0).> The Poincaré
group has two Casimir operators P? and W? (we dropped the hats again). With
[PH, W] =0 and Eq. (B.1.28) there are at most six operators that commute with each
other and can be used to label the eigenstates: P*, W2, and one component of the
Pauli-Lubanski vector W#. Considering one-particle states, this allows us to work with
eigenstates of the momentum operator:

Plp,..Y=plp,...) = U@L,a)lp,...)=e"Plp,...), (B.3.20)

where the dots are the remaining quantum numbers.

To construct the general form of the representation, let’s start with a massive particle
at rest. We denote the rest-frame momentum by p = (m,0). The group that leaves a
given choice of momentum p* invariant is called the little group; its generators are
the independent components of the Pauli-Lubanski vector. Since rotations leave the
rest-frame momentum $* invariant, the independent components are the generators J*,
cf. Eq. (B.1.22), and the little group is SO(3) — or actually SU(2) because we want to
include spinor representations as well. Hence these operators take the form P? = m?,

W? = —m2J? and W3 = mJ3, where J? has eigenvalue o and the eigenvectors are
Pt p,joy = p [p,joy, I |p,jo) = j(i+1) B, jo), TP Ipjo) = a b, jo). (B.3.21)

This is the standard angular momentum algebra, and therefore rotations R are repre-
sented by the unitary matrices D7(R) with o € [—j, j]:

U(R,0)|p,jo) =Y DL, (R)[p, jo) . (B.3.22)

On the other hand, a boost from p to p, which we denote by L(p), will have the effect
U(L(p),0) [p, jo) = |pjo) . (B.3.23)

With that we have everything in place to apply a general Lorentz transformation
U(A,0) to a state vector |p, jo):

U(A,0) [p, jo) = U(A,0)U(L(p),0) [p, jo)
= U(L(Ap) L™ (Ap) AL(p),0) |p, jo). (B.3.24)
e

=:Rw

The Wigner rotation Ry (A,p) is a pure rotation that leaves the rest-frame vector
invariant, because L(p) p = p entails Ry p = L~'(Ap) Ap = p. Think of it as a journey
along the mass shell that leads back to the starting point: p — p — Ap — p. This is
extremely helpful because from Eq. (B.3.22) we know how rotations act on the state
space, and in combination with Egs. (B.3.23) and (B.3.20) we arrive at the final result:

U(A,a)|p,jo) = e N DY) (Ry) | Ap, jo'). (B.3.25)

0./

3 Actually, translation invariance and uniqueness of the vacuum is sufficient to prove this.
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That the representation is unitary can be seen from the scalar product:
(p,jo | UT (A, a)UA,a) |9, 50"y = (Ap, jo | Ap',§'0") = (p,jo | P, jo). (B.3.26)

In the first equality the representation matrices D7 and the phases e (AP) cancel each
other, and the second equality holds because (A|\') = (27)2 2E, §(p—p') 6y is Lorentz-
invariant. Hence, we have a unitary implementation of the Poincaré group in the
quantum field theory, as required by Wigner’s theorem.

Massless particles. Massless particles with P? = 0 do not have a rest frame, but
the construction of the irreducible representations is very similar. Here we can choose
p = w(l,n) to be some momentum on the light cone, and the little group SO(2)
(or equivalently U(1)) consists of the rotations around the momentum axis n. The
generator is the helicity J - n, whose eigenvalue A can be shown to be quantized:
A=0, :l:%, 41, etc. Hence, massless particles have no spin but only two components of
the helicity that are measurable.* The steps are the same as before, with the Wigner
rotation Ry defined as in Eq. (B.3.24) except that D(Ry ) = €*MP) is just a phase:

U(A,a)|p,A) = &™) D(Ry) | Ap, A) . (B.3.27)

In principle this also implies that the helicity is Poincaré-invariant and £\ corresponds
to different species of particles. However, the same reasoning that required us earlier
to implement spinors with both chiralities also applies here: J -n is a pseudoscalar and
changes sign under parity, and a theory that conserves parity must treat both helicity
states symmetrically. A combined representation of the Poincaré group and parity
identifies £\ with the two polarizations of the same particle (e.g. the photon in QED).

Transformation of field operators and n—point functions. Field operators trans-
form in the same way as in Eq. (B.3.1) if we insert ¢} = U(A, a)"1p; U(A, a). Shuffling
things around between the left and right, it is more convenient to write

U(A,a) pi(x)U(A,a)™! = D(A)i_j1 wj(Az +a). (B.3.28)

As before, the field operator ¢;(z) belongs to some finite-dimensional multiplet of the
Lorentz group and D(A) is the corresponding spin matrix of the Lorentz transformation.
For example, we have D(A) = 1 for a scalar field, D(A) = A for a vector field or
D(A) = exp(—=% e, o) for a Dirac spinor field.

Matrix elements are Lorentz-covariant and transform under these matrix represen-
tations. Take for example a scalar Bethe-Salpeter wave function of two scalar fields,
X(x1,z2,p) = (0] T o(z1) p(z2) [p). In that case Egs. (B.3.25) and (B.3.28) simplify to

Ux =U(0,X): Ux |p) = ePX|p), Ux o(z) Ux' = p(z + X), (B.3.29)
Ur=U(A0):  Unlp) = [Ap), Upp(x) Uy = p(Az). (B-3.30)

4In fact, the Pauli-Lubanski operator W* has three independent components in the massless case:
the helicity J -n and two components perpendicular to nn. One can show, however, that the transverse
components lead to representations with continuous spin W?2 > 0, which are not observed in nature
and must be excluded. Evaluated on the helicity states, the spin is zero: W2 = 0.
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Translation invariance has the consequence that only the relative coordinate x := x1—x2
is relevant because the dependence on the total position X := %ﬂ can only enter
through a phase:

x(w1,72,p) = (0| T p(21) p(z )I > O Te(X +3) (X = 3)Ip)
= (0| TUx p(2)Ux' Ux o(—=£)Ux" |p) (B.3.31)
=(0[Tp(5)e(=3)Ip ) P = x(x,p)e P,

where we used translation invariance of the vacuum. In turn, the wave function y(z, p)
is Lorentz-invariant:

X(@,p) = (0] T (%) o(—%) p)
= (0| TUL ' Uro(£) Uy Uno(—%) Uy ' Ua Ip) (B.3.32)
= (0] To(A2) p(—42) A > x(Az, Ap).

The time ordering commutes with the transformation because the sign of (z1 — 22)°
is invariant under 1SO(3,1)". If we set p = 0 in the first equation we also see that
translation invariance for the two-point function (0| T ¢(x1) ¢(x2) |0) (and generally for
any n—point function) means that the total coordinate drops out completely.

We can repeat the steps in Eq. (B.3.32) for matrix elements that contain fields
in some general Lorentz representation. For example, for a ¢¢ vector Green function

GH(z, 21, 12) = (0| T j#(x) ¢ (z1) ¥ (x2) |0) we obtain
GM(z, w1, 12) = (A1), D7Y(A) G¥ (Ax, Axy, Azg) D(A), (B.3.33)

where D(A) is again the transformation matrix for Dirac spinors coming from the quark
fields. The analogous equation in momentum space,

G"(p,q) = (A", DTH(A) G"(Ap, Aq) D(A), (B.3.34)

can be immediately verified for the various tensor structures that contribute to the
three-point function: ~*, p#, p* p, v#p, etc. In covariant equations where these objects
are combined in loop integrals (perturbation series, Dyson-Schwinger equations, etc.),
all internal representation matrices cancel each other and only the overall factors of
the diagrams remain, which can be factored out. It is then not necessary to perform
explicit Lorentz transformations when changing the frame; one can simply evaluate the
equation in a different frame and the result must be the same.

Literature:

m S. Weinberg, The Quantum Theory of Fields. Vol. 1: Foundations. Cambridge University Press,
1995.

M. Maggiore, A Modern Introduction to Quantum Field Theory. Oxford University Press, 2005.
W.-K. Tung, Group Theory in Physics. World Scientific, 1985.

F. Scheck, Quantum Physics. Springer, 2007.

B. Thaller, The Dirac Equation. Springer, 1992.



Appendix C

Euclidean conventions

When employing a Minkowski metric (which is what we use throughout the main text),
one must be mindful of the ie prescription that is necessary to make many relations
in QFT well-defined. It arises from the imaginary-time boundary conditions (2.2.21),
which lead to boundary conditions on d*z and d*p integrals. An alternative is to define

z* = izg and p* = ipy and perform a Wick rotation to write

oo (1—1€)

/d4x—/d3 /dmo——z/dw/dm,

—oo(1—1i€)

i (C.0.1)

/d4p—/d3 / dpgzz/d3 /dp4
—oo(1+41€)

Note that the integration paths in xg and py rotate in opposite directions and thus

/d% = /d%E but /d4p: z/ dpg . (C.0.2)
2 __

Since 2% = 23 — x> = —a? — 23 = —x%, this amounts to using a Euclidean metric
with signature (4, +,+, +).

Euclidean conventions. In general, we define Euclidean vectors a, and tensors %"
such that their spatial parts agree with Minkowski space:
a T4 T

ap = [iao] , Ty = |:Z’T0i Too} ) (C.0.3)

where ‘E’ stands for Euclidean and no subscript refers to the Minkowski quantity. As

a consequence, the Lorentz-invariant scalar product of any two four-vectors differs by
a minus sign from its Minkowski counterpart:

4
ap-bp =Y diby=—a-b. (C.0.4)
k=1

Therefore, a vector is spacelike if a? > 0 and timelike if a®> < 0. Because the Euclidean
metric is positive, we can drop the distinction between upper and lower indices.
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To preserve the meaning of the slash ¢ = a%? — a - v, we must also redefine the
y—matrices:

. 0 . y
Vg = [m] C =" = dp=ap-yp=id, {ygE}=20". (CO05)
Our sign convention for the Euclidean y—matrices changes all signs in the Clifford
algebra relation to be positive, and since this implies (7%)2 =1fori=1...4 we can

choose them to be hermitian: 4 = (’y}é)T. In the standard representation they read

g | 0 —i7g 4 |1 0 5 [0 1

where the 73 are the usual Pauli matrices from Eq. (A.1.4). Also the generators of the

Clifford algebra are then hermitian, with (o%)T = o4

=5 ~5 D). (C.06)

Despite appearances, this does not alter the Lorentz transformation properties and
the definition of the conjugate spinor as @ = fy? (which was necessary to make
a bilinear 1) Lorentz-invariant) remains intact. Denoting the representation matrix
Y'(2") = D(A) ¢ (z) of the Lorentz transformation by

v |

" VA = o =

D(A) = exp [—;wwj U’“’] = exp [—iw%” U%V:| , (C.0.7)

then irrespective of v* (o )T v* # o/ the relation y* D(A)T4* = D(A)~! still holds,
because the infinitesimal Lorentz transformation w%” which is related to its Minkowski
counterpart via (C.0.3) is now complex. Hence

P (2') = o (z) DN = 9T (@) y* D(A) ™ = ¢ D(A) 7, (C.0.8)
and therefore 1) is Lorentz-invariant, 1%7%1/1 transforms like a Lorentz vector, etc.
For derivatives, Eq. (C.0.3) implies
J-a :80a0+V-a:(8~a)E,
oF = V = D=0+~ -V=idy, (C.0.9)
K —Za()
g :8§—V2:—DE.

As a result, a fermionic action becomes
e = exp [i/d4xw (i@ —m) 1/1] = exp [—/d4:cEz/J (g +m)y| = e 58 (C.0.10)

In this way, the Euclidean action Sg is non-negative and the term e “F defines a
probability measure in the path integral formulation.

Another advantage of the Euclidean metric is that one can perform numerical cal-
culations directly in a given frame (e.g. using Mathematica), with explicit y—matrices
and without the need for inserting the metric tensor in each summation. To transform
an expression from Minkowski to Euclidean space, it is usually sufficient to employ
the replacement rules collected in Table C.1 which can be read off from the spatial
components.



229

Minkowski Euclidean Minkowski Euclidean
a-b —a-b [V, —[*, "]

ak at [v*, d] v, d]

o i [y, 7", d] i d]

Y5 V5 [¢7 5] _M? 5]

4 i
9" —or grveBa bs jehvaB gopp
atb” atb” ghoBrg,, bg cy jehaBYqpP ey
O o ghvop anB —ghvaB aavﬂ

TABLE C.1: Replacement rules for some frequently occurring quantities. For expres-
sions with Lorentz indices, the right columns define their Euclidean version in the sense
of Egs. (C.0.3) and (C.0.5). Each additional Minkowski summation over Lorentz indices
leads to a minus sign in Euclidean conventions.

Expressions involving e#**# work along the same lines: the spatial parts of Lorentz
tensors are identical in Minkowski and Euclidean conventions, so this must also hold for
ghvael aqbg. In Euclidean space the e—tensor is defined by 1234 = 1234 = 1, whereas in
Minkowski conventions one has ggjo3 = —%1?3 = 1, i.e., the spatial components switch
sign when lowering or raising indices. Denoting spatial indices by 4, j, kK and summing
over k, one has

€99 abg = M0 (aby — agby) = —7F0 (a*b° — ab")
kA kd dvk iy (C.0.11)
= e’ (a"b* — a*b") g = (za”o‘ﬁa“bﬁ)E,
because 1234 = 1 = 1230 and ° = —iaj{;. Repeating this for rank-1 and rank-3 tensors

results in the identities in Table C.1 (which would also follow from Eq. (C.0.29) below).

Euclidean Feynman rules. We now drop the index ‘E’ and write all subsequent
formulas in Euclidean space. The Euclidean action of QCD is

S = /d4:r [ (P + M)+ 1 Fe, Fi¥ (C.0.12)

where D, = 0,,+igA,, (this is consistent with Eq. (2.1.3) because the spatial component
is D =V +igA). As a consequence,

Fu(x) =—-0,A, + 0,A, —ig[Au, A)]. (C.0.13)
The Fourier transform is defined in Euclidean space,
F(x) = / d’p eP® F(p) F(p) = /d4x e~ F(x) (C.0.14)
2 ) , .0.

which would technically lead to i factors in front of the integrals in Minkowski space,
but this can be compensated by removing factors of ¢ from the propagators and vertices
in momentum space.
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The resulting Feynman rules are obtained by taking the Feynman rules in Minkowski
space, transforming to Euclidean space, and splitting off a factor ¢ from each 1PI quan-
tity (vertices and inverse propagators). This yields:

m Quark propagator:

1 —ip+mp

_ (C.0.15)
Zy p*+mp

Sy (p) = Zy (ip+mp),  So(p)

» Gluon propagator (we redefine Tp" = 6" — qq"/q* and LY = ¢"q¢" /¢?):

1 Z(@) T + Ly
(Do "™ (q) = ¢° <ZA T + ng”) , DK(q)= (4) T4 2+f 9 (C.0.16)
q
m Ghost propagator:
1 9 1
Daole) = —Zea”s  Daold) =~ 55 (C.0.17)
m Quark-gluon vertex:
Iy =igty Zpy" (C.0.18)
m Ghost-gluon vertex: _
LY o(p) = =19 fabe Zr " (C.0.19)
m Three-gluon vertex:
L5070 (P1, 02, 03) = 19 fabe Z3g |(P1 — p2)? M
39,0( ) abc g [( ) (COQO)

+(p2 — p3)* 6" + (p3 — p1)” 6°#] .
m Four-gluon vertex:

PZ;,%U - _92249 |: fave fede (7Y — dVPIH7)
+ facefbde (5#11500 - 6l/p5ucr) (0021)
+ fadefcbe (5/“)5”0 - 5“”(5’)0)} .

The Lorentz-invariant dressing functions are identical except that the arguments pick
up minus signs. This is often indicated by capital letters such as Q? = q% = —qJQW. In
general, if one defines

{Sla 52, 83, - - } = {p2E7 q%) PE - 4E, - }: {_p?\la _qj2\la —PMm - 4qM, }7 (0022)

then the quantities F'(sq1, s2,83,...) are the same in Euclidean and Minkowski space.
Also for this reason it is convenient to break down Lorentz-covariant relations to
Lorentz-invariant relations, because then the transformations from Minkowski to Eu-
clidean space and vice versa become trivial (assuming that the correct integration paths
for loop integrals are chosen such as in Fig. 2.7).
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Euclidean formulas. We suppress again the index ‘E’ and collect some useful Fu-
clidean formulas. The -5 matrix is defined by

1
V= = = g Yy (C.0.23)
with !23% = 1. It is convenient to define the fully antisymmetric combinations of Dirac

matrices by the commutators
[A,B] = AB — BA, (C.0.24)
[A,B,C]=[A,B]C+[B,C]A+[C,A]B, (C.0.25)
[A,B,C,D|=1[A,B,C]D+ [B,C,D|A+[C,D,A|B+ [D,A,B]C. (C.0.26)

Inserting y—matrices, this yields the antisymmetric combinations

[V, 9] = 15 P 4P (C.0.27)
LAY, = 5 (P = Py M) = T AV = —s P77, (C.0.28)
31 77570 = —ys e (C.0.29)

The various contractions of e—tensors are given by
cHVPA aBYA e (5V/3 5P — §vY 505) + 1B (6V7 5P — 5V §P7)
+ 017 (870 5 — 5P 5V7)
AT 0T = g gvB — ghB gre (C.0.30)
% AT gadoT _ e

1 Adotw AoTw __
51 € € =1.

The e—tensor satisfies at#c*#7%} = 0, where a* is an arbitrary four-vector and {...}
denotes a symmetrization of indices.

Momentum integrations. Four-momenta are conveniently expressed through hy-
V1—22,/1—-192sing

V1—224/1—y2 coso

H = 2 . C.0.31

L Y = ( )
z

perspherical coordinates:

For a particle in its rest frame, this corresponds to p* = (0,im). (Actually, in Euclidean
space it does not matter where we put the mass since each direction is treated equally.)
A four-momentum integration reads

1 1 27

d'p 1 1 r -
/ — /dp2p2_/1 dz m_/l dy/dgb, (C.0.32)

(2m)t — (2n)t 2
0 0

where % dp® p?> = dpp> and
1 1 o

/dQ4 - /dZM/dy/dqa — 272 (C.0.33)
—1 -1 0

is the integral over the unit sphere in four dimensions.
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Spinors. The positive- and negative-energy onshell spinors for spin-1/2 particles sat-
isfy the Dirac equations

(ip+m) u(p) = 8 = ulp) ip+m), (C.0.34)

(ip —m)v(p) = 0=v(p) (ip —m),

where the conjugate spinor is %(p) = u(p)'y%. Since the onshell spinors only depend on
p they are the same as in Minkowski space; for example in the standard representation:

us(p) = \/Ef’zz;m ( p_fs . ) (C.0.35)

Ep+m

with

£+_<(1)>, g—_<(1)>7 Ep:\/p2+m2'

We have normalized them to unity,

us(p) ug (p) = —0s(p) v (P) = sy

Us(p) vy (P) = Vs(p) ug (P) =0, (C.0.36)

and their completeness relations define the positive- and negative-energy projectors:

> uap) () = 2 A (),
: . (C.0.37)
S ) talp) = 2 "= a (p).

Therefore, Ay (p) u(p) = u(p) and A_(p) u(p) = 0.
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