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What is this talk about?

What are the physical, electroweak,
asymptotic initial and final states?

* A subtelty of Brout-Englert-Higgs
Physics

 Frohlich-Morchio-Strocchi mechanism
e Standard Model
* Experimental signatures

* Beyond the Standard Model

* Qualitative changes
Review: 1712.04721 Update: 2305.01960



Brout-Englert-Higgs Physics

The Standard Model
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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-Wi+(8,0,—gfp Wi’ hi—hi+gt;d"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
‘'spontaneous gauge symmetry
breaking’: SU(2) =» 1

 Get masses and degeneracies at
tree-level

* Perform perturbation theory
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A subtelty with impact

« BEH effect does not actually break gauge symmetry
* A particularily suitable gauge fixing

« Asymptotic states still need to be gauge-invariant

* Elementary/non-interacting states are not
* Topologically obstructed
* Dressing by a Wilson line is insufficient

* Only local composite operators can be
* Higgs-Higgs, W-W, Higgs-Higgs-W etc.

« What? How can this be true, given the PDG?
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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

* Local composite operators for physical states
* ¢ and custodial charge only quantum numbers

e Same structure as, e.g., hadron operators in
QCD

* Could potentially be bound states

* Non-perturbative methods: Lattice

» Standard lattice spectroscopy problem
» Standard methods

 Smearing, variational analysis, systematic error
analysis etc.

* Very large statistics (>10° configurations)
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Physical spectrum

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

o Both custodial singlets  Custodial singlet Triplet

Why?



A mMicroscopic origin
Frohlich-Morchio-Strocchi
Mechanism
or
Utilizing the BEH effect
at weak coupling
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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);
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3) Standard perturbation theory
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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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Incoming (asymptotic) particle
FMS LSZ: Elementary and fluctuations

Elementary
particle f

Standard perturbation theory

viF(p)-p(nf)(pD ]« SRerisz truncation

Yes!
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Bubble sum

Augemented perturbative
expansion of the scattering kernel

Includes an elementary
intermediate state

in the FMS-
equivalent channel

Vertex function

Propagators

carries the necessary pole

\@ / This intermediate state

to let this expression survive the

/ LSZ truncation -
Same mechanism as in the
elementary case

Can be perturbatively resummed!
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Becomes the perturbatively calculable,
Process-independent Bethe-Salpeter amplitude

\ Process
3-point vertex

/
v{f(p >+fd D;(p—q)D,(q)(n(q)f (P—q)...)

Elementary
particle f
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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):167rZJ(2J+1)fJ(S)PJ(cos 0)
f,(s)=¢'""sin(,(s))

sé4m@
a, = tan(d,)/\s—4m’
Phase shift
— Lattice Luscher analysis

M

Scattering length~"size”
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Flavor

* (Left-handed) 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
(x)” (¥) (x)”

h, —h, h=v4n

h” h,

Vi
L

hz o hl
hl* hz*

Vi
L

2|V

L

Vi

5 +0(n)

i I J

J
 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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Flavor on the lattice

 Only mock-up standard model

Spectrum: Lattice and predictions
« Compressed mass scales

>
* One generathn iMG_— Gauge-dependent
= ; _ Spin 0 Singlet
» Degenerate leptons and I ﬂz
neutrinos I
« Dirac fermions: left/right- %%
handed non-degenerate Bn'_ .
 Quenched i wiz % Spin 1 Triplet
L 80
« Same qualitative outcome - |[Fermion (L)4 §  |Spin 3 Doublet
 FMS construction 4or Composite
e Mass defect 201 JFermon(®) || ¢ Latiice
_ ge-invariant
 Flavor and custodial ——Fementay || FmS prediction

symmetry patterns :

* Supports FMS prediction - unquenching ongoing
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T
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Process ff = ff: 2-loop
suppressed contribution

Process ff - ffff 1-loop
suppressed contribution
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Resummation effects ats) M,

Augmented by correct
Standard perturbation theory asymptotic state

Resumming real emission Virtual and real

A O o , § emissions compensate
Onoresummation i 2 (BN/KLN theorems)
my, - substantial change:

at 1 TeV of the same Cancel this effect:
order as strong Less weak jets

corrections
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No
Qualitative changes at
tree-level possible



Beyond the standard model

* Standard model is special



Beyond the standard model

* Standard model is special

 Mapping of custodial symmetry to gauge
symmetry

» Fits perfectly degrees of freedom



Beyond the standard model

* Standard model is special

 Mapping of custodial symmetry to gauge
symmetry

» Fits perfectly degrees of freedom
* |s this generally true?



Beyond the standard model

* Standard model is special

 Mapping of custodial symmetry to gauge
symmetry

» Fits perfectly degrees of freedom
* |s this generally true?

* No: Depends on gauge group,
representations, and custodial groups



Beyond the standard model

* Standard model is special

 Mapping of custodial symmetry to gauge
symmetry

» Fits perfectly degrees of freedom
* |s this generally true?

* No: Depends on gauge group,
representations, and custodial groups

e Can work sometimes (2HDM,MSSM)



Beyond the standard model

* Standard model is special

 Mapping of custodial symmetry to gauge
symmetry

» Fits perfectly degrees of freedom
* |s this generally true?

* No: Depends on gauge group,
representations, and custodial groups

e Can work sometimes (2HDM,MSSM)

* Generally qualitative differences
* Note: Applicable to quantum gravity
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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 ji.j\ + ay +
L:—ZWWW’;L +(Ddhf) D, h +A(h"h, —vz)2
Wi =8, Wi—0,Wi+gf, W, W\
D;=8"0, lgWa tY
+ Ws W,

 Higgs h, @

» Couplings g, v, 2and some numbers f*and t

e Parameters selected for a BEH effect
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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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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

 SM: 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
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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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AN

| / \ Physical
f."l \\ f/ h"“m--______ Perturbative
J - -
/
II l ' ' -IL s/ m*2
 Add fundamental fermions
 Bhabha scattering l



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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Summary

 Gauge symmetry implies composite states
* Supported by lattice

« Standard model: Small but observable

 Unaccounted-for background
* Discovery potential of field theory mechanism

* Qualitative beyond the standard model
 Requires extension of phenomenology

Review: 1712.04721 Update: 2305.01960
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