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Outline and Motivation

Outline:

= Motivation: Gl formulation of Higgs theories.
= Introduction to FMS mechanism.
= Examples of spectroscopy with FMS.

= Composite fermion bound states lattice spectroscopy.



Motivation: Gauge invariant
formulation of Higgs theories
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= Inserting it in the lagrangian, one obtains the masses of the
gauge bosons, and can use perturbation theory.
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= (¢) is dependent on the gauge.

= There are gauges in which (¢) = 0.

= Gauge bosons remain massless.

= Perturbative results are gauge dependent, potentially nonphysical.
= Why PT works so well for the Standard Model?

= |s PT always reliable then?

= Answers lie in a gauge-invariant formulation of the theory.
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mechanism
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Gauge invariant formulation of SM observables

= Elementary fields are treated as observable in PT, even if not
gauge invariant.

= The real physical objects must be described by gauge
invariant composite operators.

= One must not identify elementary fields in the lagrangian with
physical particles, but use composite operators:

= Elementary Higgs ¢(x) — Physical Higgs (¢7¢)(x)

= Elementary Fermion 1(x) — Physical fermion (¢f4)(x)

= Elementary Vector W3(x) — Physical Vector (t7¢!D"¢)(x)
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FMS Mechanism

= Representations of the gauge group are mapped to
representations of the global (custodial) symmetry group.

= N-point functions are constructed with Gl physical operators.

= These operators are composite and not accessible with PT —

FMS mechanism.
= Higgs is then split in a suitable fixed gauge ¢(x) = vn + ¢(x).
= One expand the n-point functions over fluctuations of the
Higgs.

= Right-hand side can be computed with standard perturbation
theory techniques.

= Importance of contributions are ordered by powers of the
Higgs vev as in a expansion.
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FMS Mechanism

= 2-point functions of Gl operators give access to physical
spectrum — comparison with ordinary PT spectrum.

= Example: SU(2) + fundamental Higgs

Op+(x) = (¢7¢)(x)

= Fix the gauge to non-vanishing vev: ¢(x) = vn+ ¢(x)

= Expand the correlator

(0. (x) 0ot (y)) = 42 (H(x)TH(y)) + O(v).

= Poles are found at the same places on the left-hand side and
the right-hand side of the equation.
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FMS Mechanism for electroweak sector of SM

= FMS can be used on EW sector of Standard Model.

= Gauge invariant spectrum of the scalar state corresponds to
perturbation theory.

= A similar construction for the vector channel gives an

agreement.
Perturbation theory Gauge-invariant
@2 1 scalar h vector W7 scalar vector
(3}
E e °
000 000
0 Custodial singlets singlet  triplet
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Other applications of FMS

= QED: Dirac dressing — no appreciable deviations.

= QCD: Quark-hadron duality — FMS can still hold in principle.

FMS explains why PT in SM is successfull.

Does it work also for BSIM theories?
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FMS mechanism for BSM

s GUT theories: Gauge group larger than custodial group.

= SU(N)(N > 2) with one fundamental scalar: U(1) custodial
symmetry.

= PT: SU(N) — SU(N — 1).
= 2(N — 1)+ 1 massive and N(N — 2) massless gauge bosons.

= FMS: O,(x) = i(¢TDM¢)(X)'
(0u(x)OM(y)) = v (W)W E(y)) + ...

= 1 massive state

= Contradiction in the vector channel
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FMS for toy SU(3) GUT

= A SU(3) theory with a fundamental scalar has been

investigated on lattice.
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FMS for toy SU(3) GUT

= A SU(3) theory with a fundamental scalar has been

investigated on lattice.

mass  PT GIPT GIPT.
1 gauge variant  U(1)-singlet U(1)-non-singlet
2m, aht 5.b ..
Mheavy g.b . .

Might 5.5 0000

0 000

= Lattice spectrum support FMS predictions.
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New challenges for the FMS mechanism

= Bound states as composite operators have been analyzed on
the lattice.

= There is always a mass gap.
= |s it possible to obtain massless composite bound states?

= The fermion sector of the SM, as Gl bound states, has never
been analyzed nonperturbatively.

= Parity violation is not accessible on the lattice.

= |s it possible to obtain fermion bound states on the lattice?
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Massless composite vector in SU(2) 4+ Adjoint Higgs

= A massless vector composite particle is predicted in a SU(2)
theory coupled with an adjoint Higgs.

1754 @ fistlevd e

=== ground state (exact) 1
¥ second level e -1

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

a/L

= Lattice simulations confirm the hypothesis.
= Toy model of a GUT with a photon.
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Gauge invariant fermion spectrum




FMS Mechanism for fermions in SM

s Left handed fermions in SM are not Gl — they can be treated
with the FMS mechanism.
= We can employ fermionic Gl bound states W(x) = ¢'(x)(x),
but never proven.
2

(WENW(y)) = = (2()2(y)) + O(p)
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FMS Mechanism for fermions in SM

s Left handed fermions in SM are not Gl — they can be treated
with the FMS mechanism.
= We can employ fermionic Gl bound states W(x) = ¢'(x)(x),

but never proven.

v2 —

(VE)V(y)) = 5 (2(x)2(y)) + O(p)

= |f the FMS construction holds, the mass of the bound state

should be close to the elementary one.

= The main goal of this work is to analyze this hypothesis on
the lattice.
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FMS for fermions

= Hypothesis of bound state scattering has been explored
preliminarily

= Lattice chiral fermions formulation is a longstanding problem

— Vectorial fermions.
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FMS for fermions

= Hypothesis of bound state scattering has been explored
preliminarily

= Lattice chiral fermions formulation is a longstanding problem

— Vectorial fermions.

= One vectorial fermion ¢/ which is gauged(L), one ungauged
fermionic doublet \ (vg, Ir).

S= [dix[ - ZWAWR 1 (D,6)! (D"6) + T (D — my) b+
Xk (13 — my) Xz — h(¥dx1 + X1'9)
— h(Boxa +X26'0) — V(6'9)] -
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Elementary mass spectrum

0
= Apply the Higgs mechanism ¢ = % (1> + .
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= Apply the Higgs mechanism ¢ = — + .
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Elementary mass spectrum

0
= Apply the Higgs mechanism ¢ = % 1 + .

= Tree level mass matrix for the fermion fields with the

convention (1 ¥2 X1 XQ)T:

v
Vv
e 0 m 0 \@h
\4
ﬁh 0 m 0
v
= The matrix is degenerate with two eigenvalues
hv
M*=m+ —.
V2

= The %) and x doublet are degenerate at a tree level.
16



Lattice setup

= Fermion propagator obtained by inversion of the Dirac
operator, quenched setting

(¢ x) D (Zﬁ) =¥ X (gﬁ gii) (Zﬁ) :
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Lattice setup

= Fermion propagator obtained by inversion of the Dirac

operator, quenched setting
_ _ D% pD¥x
(¥ x)D (Zﬁ) =@ X < o DXX) (Zﬁ) :

= Standard Wilson-Dirac operator

. +4
wa(xb/)ij = 10jj — ky Z (1 — %) Uu(x)ij Ox+p,y
pn==+1

= The second block is the free Wilson-Dirac operator.

= Non-diagonal blocks are the Yukawa couplings.

17



= Non-diagonal blocks are the Yukawa couplings
D;i-fx = hl(z;idlj == hz(b,'(szj , D%;w = h1q§j671 e hngjé;z .

= BiCGStab method has been implemented for inversion of
Dirac operator.

= Inversion of full Wilson-Yukawa has been checked on the free
analytical case (U,(x) = 1) with static Higgs field.

18



FMS observables

= Interesting Gl observables are

FMS ~ FMS
¢T¢O<¢2+ ) ¢T1/10<1/11+ ) X1 X2 -
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FMS observables

= Interesting Gl observables are
FMS FMS

¢T¢ ¢2 AP ooc ) &W’ 1/}1 TP X1 5, X2 -

= Computing the correlators by using Wick contractions give

((6"a) () (6105) (v)) = (7 (x) D™ (x[y)jap 9i(¥))

((B1a) (%) (S195) (v)) = (eijdj(x) D™H(Xy)ik,a8 €] (v)) |
(X1,0()X1,5(»)) = (D~ (x|y)22,08)
(X2,a(X)X2,5(¥)) = (D (xy)33,08) »
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FMS observables

= Interesting Gl observables are

FMS ~ FMS
Pl o Yot , P+, X1, Xe-

= Computing the correlators by using Wick contractions give
((87a) (%) (&146) (¥)) = (&7 (x) D (X[¥) .08 $i(¥)) -
(D7) (%) (BThp) (v () DM (xy)ik.ap €kl (¥))
(X1,0(x)
(x2,0(x)X2,5(y

= We add to the base the two gauge variant component i1, 1o,
which are evaluated on a smaller subset of gauge fixed

configurations.
19



Mass Eigenstates

= The 1; are not mass eigenstates.

= Expectation at leading order

(W) = (Tt +y1-1aR(T¢C) ()
)= BT+ V1-18P{(C¢) (2
(Ppy= () +1-1P(T¢) )

= At tree level ¥; = (¢ + ¢7)/V/2 yields

_ vl + O(n) = % (¢ +¢) + O).

20



NLO masses eigenstates

= We can add the NLO correction to TL masses

1
mfb) = m+away +y2b¢,
m§<1f) = m+y2by,

= NLO eigenmasses

2
ME = % (mq(z)l) + m§<1i) + \/( (1) + mi,)) + 2vy2)

1

1
:I:E\/va2 + (away — y2(by + bx))2.

= Behaviour with respect to vy is not linear.
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Quantum corrections to mixing

= Expected mixing

(P = cos B +sin Bxi

¢ = sinyy;+ cosyx;
1
Sip = ——
1+W
_ 1
siny = ——
0+A
1+2vy2
A = /6% +2vy?
§ = away+y*(by — by) (5)

= At small y, 8 and ~ will be close to zero.

22



Spectroscopic results

= Results are compatible with o = 1,7 = 0.
= Propagator of y — First mass eigenvalue /™.
» Propagator of ¢)( GF) — Second mass eigenvalue M.
= The factor v depends on the Yukawa coupling.
= Bound state is a combination of the two.
= Fit for bound state
ct)y 1
C(N:/2) 1+

[cosh(M™(t — N¢/2)) + rcosh(M™T(t — N¢/2))]

23



and y masses

Effective mass operator v

— best fit
§ \ Parameter set 4, N=20, x; = 012, = 0.01

ameg(t)

= Both correlators show
a good plateau.

t/a

Effective mass operator ¢

— best fit

0 The tWO e|genmaSSeS ) 4 U Parameter set 4, N=20, 5y = 0.12,Y = 0.01

are obtained.

amig(t)

t/a
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Comparison of bound state

= Behaviour of ¥ <L * } l +
depends on Yukawa. o * f
= Small Yukawa: T T '
compatibility with /. Compuin
= [arge Yukawa: <
compatibility with 1. B N
T v
by 4

25



state mixing

Bound state correlator

Combination, r = 0.692508
----- contribution from
=== contribution from ¢

@ Parameter set 4, L=20, xp =011, Y =005

10° 3

1074

104

C(t)/C(N./2)

1004

= [ntermediate Yukawa: combination of ¢) and x gives a good
fit.
26



Spectroscopic results

Spectrum V' = 20* parameter set 4

350

300

200

m[GeV]

100 o . 1

(0.11,001)  (0.11,005)  (0.11,0.1)  (012,0.01)  (0.12,0.05)  (0.12,0.1)

(k0. 1)

= The operators shows the expected degeneracies.
= |t is possible to have, with fine tuning, very light and very

heavy fermions.
27



Conclusions




Conclusions

Results:

= The Gl spectrum of a SU(2) theory with vectorial fermions
has been investigated, and FMS mechanism has proven to be
successful.

28



Conclusions

Results:

= The Gl spectrum of a SU(2) theory with vectorial fermions
has been investigated, and FMS mechanism has proven to be
successful.

= All previous lattice tests of the FMS mechanism have passed.

28



Conclusions

Results:

= The Gl spectrum of a SU(2) theory with vectorial fermions
has been investigated, and FMS mechanism has proven to be
successful.

= All previous lattice tests of the FMS mechanism have passed.

Outlook:

= Valence Higgs contributions in fermions can be explored in the
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Conclusions

Results:

= The Gl spectrum of a SU(2) theory with vectorial fermions
has been investigated, and FMS mechanism has proven to be
successful.

= All previous lattice tests of the FMS mechanism have passed.

Outlook:

= Valence Higgs contributions in fermions can be explored in the
future with the HL-LHC and the newly proposed linear lepton
colliders.

= Form factors of Higgs-fermions are the next goal for this
investigation — Z anomalous coupling, radius of bound state.
Thanks!
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Infinite volume behaviour

ndence for parameter set 4

Masses behaves
exponentially with respect
to infinite volume limit.

1/N
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Full results

ke Y | aM- aM* r

012 0.01 [ 042173900 0.817(3) [ 1.9

0.12 0.05|0407(6)  0.77(3) | 0.4

012 01 |035309)  054(1) |02

011 001 [0137(1)  0.58(1) | 1.4

011 0.05[0111(1)  0.45(1) |0.2

011 01 |0044(5) 0.21(1) |0.1

. . 012 001 [0422(3)  0.810(4) | 1.4

We examined 5 different parameters set 012 005 |0406()  0752) |05
0.12 0.1 0.352(2) 0.62(3) 0.4

N 0.11 0.01 | 0.136(1) 0.583(4) | 1.4

for the bosonic sector. ol b Al b
011 0.1 0 032(2) 0. 17(1) 0.2

012 0.01 [ 04227307 0.674(3) | 6.5

(3)
(2)
012 01 [0357(3)  0.574(4) | 0.09
(5)
(2)

#|8 E A ol [6eV] my [GeV] aw(200 Gev) v(200 GeV) = =2 [GeV] 011 001 |o16()  0426(5) | 30
1 27984 02954 1328 | 384 118(9) 0544 39 011 005 |0.112°0%% 0.385(2) | 0.8
2 | 27984 02978 1317 | 326 120(12)  0.495 64 011 01 |0043(1)  024(1) |02
3039 02679 1 509 116(19)  0.140 121 012 001 |0422(1)  0.604(2) | 115
4 |5082 0249 07 |636 123(19) 0170 110 012 005 |04022)  0.54(1) | 0.6
5 5082 02552 0.7 | 427 131(5)  0.0794 161 012 010 |0331(7)  043(1) |01

0.11 0.05 | 0.098 0.27(2) 1.0
0.11 0.10 | 0.036/ 0.09(1) 0.4
012 0.01 | 0422 0509(2) | 7.1
012 0.05 | 0.39(

)
(1)
(2)
(7)
011 001|0136(3)  0.346(2) | 2.4
(1)
(9)
(5)

) 051(1) | 1.0
5) 0.35(1) |04
011 001|0.126(4)  0.347(6) | 7.1
011 005(0086(2)  0.22(1) |10
011 01 |0.03(2) 01198 | 01

L N N N ) [ R R N N P S Y

30



	Motivation: Gauge invariant formulation of Higgs theories
	GI description of SM and FMS mechanism
	Gauge invariant fermion spectrum
	Conclusions
	Backup slides

