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. Global symmetries determine physics

. Local symmetries are just auxiliary
. An example where this matters
. A(n analytical) method to deal with it

. Why the standard model is special, and
one did not need to care (yet)

. There can still be impact
. How this matters (eg) in BSM theories

Review: 1712.04721
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A toy model

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

1 a v iie i\ + aip +
L=~ Wi, W, +(D/h') " Djh+i(h'h, —v?)

Wi=0,Wi—0,Wi+gfy W W\
D/=8"0,—igwt!
. Local SU(3) gauge symmetry
Wi—Wi+(8,0,—gfh W) d’ hi—hi+gt,db"h,
. Global U(1) custodial (flavor) symmetry

. Acts as (right-)transformation on the scalar field only
Wﬁ-)wfL h->exp(ia)h
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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(3) = SU(2)

. 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...
. ...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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How to make predictions

. J’¢ 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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. Qualitatively different spectrum
. No mass gap! - But can be there: Adjoint Higgs
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How to make predictions

. J’¢ 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: Gauge-invariant perturbation theory
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Gauge-invariant perturbation theory

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

((h* h)(x)(h™ h)(y))=c+viin" (x)n(y))
v T m+(n T )

3) Standard perturbation theory Higgs
Bound / mass
state™
massN @ + @ 0 + something small

2 X Higgs mass:
Scattering state

4) Compare poles on both sides
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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 fluctuationsh=v+n

((h" Dh)(x)(h" D h)( )=vie (Wi(x)W (y))+...

—v <W 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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What about the standard model?

. Consider the Higgs sector of the standard model
. The Higgs sector is a gauge theory

1 a Y iji.j\ + a +
L:—ZWWWE +(DJh’) " D} h+n(h"h, —v?)
Wi =0, Wi—0,Wi+gf, W, W\
D;=6"0, lgWa tY
. Ws W,

. Higgs h, Q

. No QED: Ws and Zs are degenerate
. Couplings g,v,2and some numbers f**and t "
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Symmetries of the system

. Consider the Higgs sector of the standard model
. The Higgs sector is a gauge theory

L:_%ngwz‘u([)ghj) " D h e+ (hh, —v?)

Wi =0, Wi—0,Wi+gf, W, WY
D;=8"0,—igW,t,
. Local SU(2) gauge symmetry
W W+(826,—gfiWe) ¢’ hi>h+gt,o"h,
. Global SU(2) Higgs custodial (flavor) symmetry

. Acts as (right-)transformation on the Higgs field only
Wi WS hi>h+a"h+b"h "
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Physical spectrum
Composite (bound) states

Perturbation theory Require

Scalar Vector non-perturbative methods
A fixed charge gauge triplet

Mass

o Both custodial singlets

N~

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

Perturbation theory Gauge-invariant
Scalar Vector Scalar Vector
., b fixed charge gauge triplet singlet singlet
G
=
[ [
] 5 | ] 5 |

o Both custodial singlets  Custodial singlet Triplet
. Predicted in GIPT and confirmed on the lattice

. Some lattice support for SU(2)xU(1)
. Rest of the standard model?
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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
h=v+n
(hg 1) (%)™ ({y f)(y))  ~ (fo" (x)faly))+O(n)
. Gauge-invariant state, but custodial doublet
. Yukawa terms break custodial symmetry

. Different masses for doublet members
. Implications for experiment?
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. : Large and detected
. New ones: Small, require more sensitivity



How events looks like (LEP/ILC)

e-H bound state
w-H bound state

i

-k

Z-H-H bound state

u"-H bound state

i

e*-H bound state

. Description of impact?



How events looks like (LEP/ILC)

e-H bound state
w-H bound state

i

-k

Z-H-H bound state

u"-H bound state

i

e*-H bound state

. Description of impact? Gauge-invariant perturbation
theory!



How events looks like (LEP/ILC)

e-H bound state
w-H bound state

i

-k

Z-H-H bound state

u"-H bound state

i

e*-H bound state

. Description of impact? Gauge-invariant perturbation
theory!

(hehelhuhu)



How events looks like (LEP/ILC)

e-H bound state
w-H bound state

i

-k

Z-H-H bound state

u"-H bound state

i

e*-H bound state

. Description of impact? Gauge-invariant perturbation
theory!

(hehelhuhu)=(eeluw)
. Ordinary contribution



How events looks like (LEP/ILC)

e-H bound state
w-H bound state

i

-k

Z-H-H bound state

u"-H bound state

i

e*-H bound state

. Description of impact? Gauge-invariant perturbation
theory!

(hehelhuhu)=(ee|luu)+{nn)(eeluun)

. Ordinary contribution
. Modification of ordinary contribution



How events looks like (LEP/ILC)

e-H bound state
w-H bound state

i

-k

Z-H-H bound state

u"-H bound state

i

e*-H bound state

. Description of impact? Gauge-invariant perturbation
theory!

(hehelhuhu)=(eeluw)+{nn)(eelun)+(ee)(Mnjuw)
. Ordinary contribution

. Modification of ordinary contribution
. Higgs as initial state



How events looks like (LEP/ILC)

e-H bound state
w-H bound state

i

-k

Z-H-H bound state

u"-H bound state

i

e*-H bound state

. Description of impact? Gauge-invariant perturbation
theory!

(hehelhuhu)=(ee|luu)+{nn)(eelun)+(ee)Mmuu)+...

. Ordinary contribution

. Modification of ordinary contribution
. Higgs as initial state

« More contributions...



How events looks like (LEP/ILC)

e-H bound state
w-H bound state

i

-k

Z-H-H bound state

u"-H bound state

i

e*-H bound state

. Description of impact? Gauge-invariant perturbation
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(hehelhuhu)=(ee|luu)+{nn)(eelun)+(ee)Mmuu)+...

. Ordinary contribution

. Modification of ordinary contribution
. Higgs as initial state

« More contributions...complicated
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e-H bound state
'f';'j'fi,;'j’jiiiiw'u'—H bound state

/E

Z-H-H bound state

u"-H bound state

e"-H bound state A
a

. Description of impact? PDF-type language!
. Interacting particles either electrons or Higgs

. Fragmentation 100% efficient - like for quarks
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Final state — g — b — 1

Remainder driven by Yukawa coupling
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[Maas'l2,
Eggeretal.’17]
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[Maas'l2,
Egger et al.’17]

e-H bound state
w-H bound state
? u*-H bound state
Z-H-H bound state
e*-H bound state
0.80

1-Higgs EDI‘I’[Fib'LIﬁﬂI‘PIBE

1.00

o Not all quantities are

g ™ equally influenced
Apertumative 102
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How events looks like (LEP/ILC)

e-H bound state
w-H bound state

& S

u"-H bound state
Z-H-H bound state

e*-H bound state

. Picture consistent with PDG

. Suppression at LEP2 by Higgs mass/vev
. Deviations can be calculated
« GIPT/Lattice: Form-factor of W

. Absence of states in SU(3)+Higgs spectrum
translates to cross sections

. What about LHC? What about protons?
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Flavor of hadrons

. Flavor is replaced by custodial symmetry

. Straightforward for leptons

. Implications for hadrons?

. Open flavor must be replaced by custodial symmetry
. Requires Higgs component

. Consider nucleon

. gqq open flavor, cannot be gauge invariant
. Impossible to build a gauge-invariant 3-quark state
. Replacement: qggh

. GIPT yields QCD
. Detectable at LHC? pp-ttX using PDFs under investigation...
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Needs to be taken into account for BSM signals
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Summary

. Physics determined by manifest gauge-
Invariant, composite objects

. Yields unexpected patterns...but can be
controlled analytically

. Interesting consequences for both new
physics and standard model physics

@axelmaas Review: 1712.04721
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