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- Relative charge measurement averaged over all
possible starting point
* Vanishes because no preferred absolute starting point
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Path integral and local symmetries

(0, 9°(x) 9" (y))
=], D g5, ¢"(x)¢"(y)=0

* No longer invariant under gauge transformations
* Vanishes just as any other non-invariant quantity
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* Implemented by gauge fields



Path integral and local symmetries

Reduced integration range

(¢ (x) " (y))

:f@D #"DUW (U, ¢)e®" ¢"(x) ¢ (y)#0

* Reduction of integration region by gauge fixing
» Arbitrary choice of coordinates
« Weight factor to keep gauge-invariant quantities the same
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A toy model: Symmetries

 Consider an SU(2) with a fundamental scalar
« Essentially the standard model Higgs

1 a v i i\ + aip +
L=—" Wi W, +(DYh) " DY h+N(R°h," —Vv?)
Wi,=0,Wi—0,Wi+gfs W W,

Di=8"9,—igW"t’

Local SU(2) gauge symmetry
Wi SWI+(850,—gfhW)d' hi>h+gt,¢"h,

Global SU(2) custodial (flavor) symmetry

* Acts as (right-)transformation on the scalar field only
Wi W, h->hQ
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Textbook approach

 Choose parameters to get a Brout-
Englert-Higgs effect

* Minimize the classical action

* Choose a suitable gauge and obtain
‘'spontaenous gauge symmetry
breaking’: SU(2) =» 1

 Get masses and degeneracies at tree-
level

* Perform perturbation theory
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The origin of the problem

 Elementary fields are gauge-dependent

 Change under a gauge transformation
 Gauge transformations are a human choice...
e ...and gauge-symmetry breaking is not there

* Just a figure of speech
» Actually just ordinary gauge-fixing
* Physics has to be expressed in terms of manifestly
gauge-invariant quantities
* And this includes non-perturbative aspects...
« ...even at weak coupling
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Physical states

* Need physical, gauge-invariant particles
« Cannot be the elementary particles

 Non-Abelian nature is relevant
Need more than one particle: Composite particles

* Higgs-Higgs, W-W, Higgs-Higgs-W etc.

Has nothing to do with weak coupling
 Think QED (hydrogen atom!)
Can this matter?
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* JP¢ and custodial charge only quantum numbers

» Different from perturbation theory

* Operators limited to asymptotic, elementary,
gauge-dependent states

 Formulate gauge-invariant, composite operators

 Bound state structure - non-perturbative
methods! - Lattice
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Physical spectrum

Perturbation theory

Scalar Vector
A fixed charge gauge triplet

Composite (bound) states

Mass

o Both custodial singlets

S

Experiment tells that somehow the left is correct
Theory say the right is correct
There must exist a relation that both are correct
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Physical spectrum

Perturbation theory Gauge-invariant
Scalar Vector Scalar Vector
«»n A fixed charge gauge triplet singlet singlet
e
=
. .
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I N S « - 1 1

o Both custodial singlets  Custodial singlet Triplet



A microscopic origin

Frohlich-Morchio-Strocchi
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How to make predictions

* JP¢ and custodial charge only quantum numbers

» Different from perturbation theory

* Operators limited to asymptotic, elementary,
gauge-dependent states

 Formulate gauge-invariant, composite operators

 Bound state structure - non-perturbative
methods?

* But coupling is still weak and there is a BEH
* Perform double expansion

* Vacuum expectation value (FMS mechanism)
* Standard expansion in couplings
* Together: Augmented perturbation theory
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Augmented perturbation theory

1) Formulate gauge-invariant operator
0* singlet: (h" h)(x)(h" h)(y))
2) Expand Higgs field around fluctuations h=v+n
o (A h)yD=vin (x)n(y);
i o F v T T+ T )T S

3) Standard perturbation theory

((h* h)(x)(h " h)(y))=viin" (x)n(y))
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4) Compare poles on both sides
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What about the vector?

1) Formulate gauge-invariant operator
1" triplet:  ((*h* D,h)(x)(x’h* D, h)(y))
2) Expand Higgs field around fluctuations h=v+n

((Zh ™ D,h)(x)(T'h ™ D,h)(y))=v e (Wi(x)W’(y))+...
=v (W, Wl)+..

Matrix from
group structure
c projects custodlal

states to gauge Exactly one gauge boson
states for every physical state
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Bound states as extended objects

* Two possibilities to
measure extension

 Form factor
- Difficult (Z

* Higgs and Z need to be
both produced in the @ | @

Same process
 Elastic scattering

 Standard vector boson G\L/
scattering process at
low energies / \
* Use this one e @




Radius from elastic scattering in VBS

 Elastic region: 160/180 GeV <+/s<250GeV

* 5 Is the CMS energy In the initial/final
LZ/WW system



Radius from elastic scattering in VBS

 Elastic region: 160/180 GeV <+/s<250GeV

* 5 Is the CMS energy In the initial/final
LZ/WW system

 Requires a partial wave analysis



Radius from elastic scattering in VBS

 Elastic region: 160/180 GeV <+/s<250GeV

* 5 Is the CMS energy In the initial/final
LZ/WW system

 Requires a partial wave analysis

do 1

“vy M
d €2 64:125‘ ‘




Radius from elastic scattering in VBS

 Elastic region: 160/180 GeV <+/s<250GeV

* 5 Is the CMS energy In the initial/final
LZ/WW system

 Requires a partial wave analysis

Cross section do 1
= M

dQ 647s \

Matrix element




Radius from elastic scattering in VBS

 Elastic region: 160/180 GeV <+/s<250GeV

* 5 Is the CMS energy In the initial/final
LZ/WW system

 Requires a partial wave analysis

ao__ 1
Matrix element dQ 6471s
C*M(5,Q)=16Y. (2J+1)f,(s)P,(cos6)

M



Radius from elastic scattering in VBS

 Elastic region: 160/180 GeV <+/s<250GeV

* 5 Is the CMS energy In the initial/final
LZ/WW system

 Requires a partial wave analysis

do _ \M\ Partial wave
Matrix element dQ 64 1 S /amplltude
*M(5,2)=1673, (27+1)f,(s) P, (cqs )
™ Legendre

polynom



Radius from elastic scattering in VBS

 Elastic region: 160/180 GeV <+/s<250GeV

* 5 Is the CMS energy In the initial/final
LZ/WW system

 Requires a partial wave analysis

ao__ 1
dQ 647°s
M(S,Q):16nzj(2J+1)fJ(S)PJ(cos 0)

e = [, (s)=€""sin(5,(s))

M



Radius from elastic scattering in VBS

 Elastic region: 160/180 GeV <+/s<250GeV

* 5 Is the CMS energy In the initial/final
LZ/WW system

 Requires a partial wave analysis

ao__ 1
dQ 647°s
M(S,Q):16nzj(2J+1)fJ(S)PJ(cos 0)

e = [, (s)=€""sin(5,(s))

M

Phase shift



Radius from elastic scattering in VBS

 Elastic region: 160/180 GeV <+/s<250GeV

* 5 Is the CMS energy In the initial/final
LZ/WW system

 Requires a partial wave analysis

do_ 1
dQ 647°s
M(S,Q):16Jer(2J+1)fJ(S)PJ(cos 0)
f,(s)=¢'""sin(,(s))

sé4m@
a, = tan(éj)/\/s—4m€v
Phase shift

M




Radius from elastic scattering in VBS

 Elastic region: 160/180 GeV <+/s<250GeV

* 5 Is the CMS energy In the initial/final
LZ/WW system

 Requires a partial wave analysis

do_ 1
dQ 647°s
M(S,Q):16nzj(2J+1)fJ(S)PJ(cos 0)
f,(s)=¢'""sin(,(s))

sé4m@
a, = tan(d,)/\s—4m’
Phase shift

M

Scattering length~"size”
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* Flavor has two components

* Global SU(3) generation

* Local SU(2) weak gauge (up/down distinction)
« Same argument: Weak gauge not observable

 Replaced by bound state - FMS applicable
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 Gauge-invariant state, but custodial doublet
* Yukawa terms break custodial symmetry

 Different masses for doublet members
« Extends non-trivially to hadrons
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« Same qualitative outcome
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Flavor on the lattice

 Only mock-up standard model

« Compressed mass scales
 One generation

 Degenerate leptons and
neutrinos

* Dirac fermions: left/right-
handed non-degenerate

* Quenched
« Same qualitative outcome

e FMS construction
e Mass defect

« Flavor and custodial
symmetry patterns
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New physics

Qualitative changes
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* |s this generally true?

* No: Depends on gauge group,
representations, and custodial groups
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A toy model for unification

 Consider an SU(3) with a single fundamental scalar
* Looks very similar to the standard model Higgs

1 a v i i\ + aip +
L=—" Wi W, +(DYh) " DY h+N(R°h," —Vv?)
Wi,=0,Wi—0,Wi+gfs W W,

Di=8"9,—igW"t’

Local SU(3) gauge symmetry
Wi-Wi+(8,0,—gfp Wi’ hi—hi+gt;d"h,

Global U(1) custodial (flavor) symmetry

* Acts as (right-)transformation on the scalar field only
Wﬁ‘>W§ h-exp(ia)h
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Confirmed in gauge-fixed
lattice calculations maas et a6
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What about the vector?

1) Formulate gauge-invariant operator
1" singlet: ((h™ D,h)(x)(h" D,h)(y))
2) Expand Higgs field around fluctuations h=v+n

((h* D h)(x)(h™ D,h )> Ve WS(X) W2 (y )" ) +...
=v W % >+

\Matrix from
group structure

c® projects out

only one field Only one state remains in the spectrum
at mass of gauge boson 8 (heavy singlet)
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A different kind of states

* Group theory forced same gauge multiplets
and custodial multiples for SU(2)

 Because Higgs is bifundamental
 Remainder is bound state/resonance or not
 Now: Elementary states without analouge

* No global symmetry to provide multiplet
structure

 Now: States without elementary analouge
 Gauge-invariant states from 3 Higgs fields

 Baryon analogue - U(1) acts as baryon number
* Lightest must exist and be absolutely stable



Possible new states

° PC
Quantum numbers are J*_ .



Possible new states

PC
« Quantum numbers are J*_ .

» Simpelst non-trivial state operator: 0+,
€. 9" D, ¢’ D, D" D" ¢



Possible new states

PC
« Quantum numbers are J*_ .

» Simpelst non-trivial state operator: 0+,
€ ¢ Du¢’ D, D' D" ¢
 What is the lightest state?
* Prediction with constituent model
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* Qualitatively different spectrum
* No mass gap!
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Possible states

PC
« Quantum numbers are J*_ .

« Simpelst non-trivial state operator: 0*+
* €4 ¢'D,¢’D,D'D"¢f

 What is the lightest state?
* Prediction with constituent model
 Lattice calulations

* All channels: <3

 Aim: Ground state for each channel
* Characterization through scattering states

1
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Experimental consequences

Ghost peaks from unphysical particles in perturbation theory
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Experimental consequences

Close to true structures identical!

ag [a.u] A/J

Physical
N~— Perturbative
: —L s/m*2
4
* Add fundamental fermions
 Bhabha scattering l
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Bottom line for GUTs

 Toy models representative for mechanisms

 All results so far inconsistent with
perturbation theory

 Consistent with FMS construction

* Different spectrum: Different phenomenology

* Application of FMS to GUT candidates:
All checked failed ... .17 soncenneimero

e SU(5), SO(10), Pati-Salam,...

 None found so far that works
 Depends on Higgs sector
» May still be possible (hopefully?)
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Quantum gravity

 Quantum gravity is a gauge theory

 Empirically dominated by a field configuration
e De Sitter/[FLRW metric

* Observables need to be fully invariant
« Diffeomorphism and local Lorentz

* FMS mechanism applicable

* A ‘BEH effect’ for gravity
* Technically much more involved

* First predictions agree with dynamical
triangulation results
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Supergravity

* Gravity and supersymmetry imply
supergravity

* Supersymmetry becomes a local gauge
symmetry

» Same reasoning: Observables need to
be gauge invariant

> Observables cannot show supersymmetry

> Could explain absence of supersymmetry in
experiment

* FMS mechanism as applicable as to
quantum gravity
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Summary

* Full invariance necessary for physical
observables in path integrals

* FMS mechanism allows estimates of
gquantum effects in a systematic
expansion

* Gives a new perspective on particle

physics and quantum gravity

Philosophy of physics perspective: 2110.00616
Review: 1712.04721 Update: 2305.01960



Come to Graz!

Upcoming jobs advertisments:
Postdoc in this talk’s topic in January ‘24

Full professorship in particle physics in January’24

Upcoming workshops:
Parton Shower and Resummation in July ‘24

Philosophical Reflections on Gauge Symmetries in July’'24

Graz
Center of Physics
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