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Electroweak Symmetry Breaking

Interactions: SU(3). ® SU(2). ® U(1)y gauge symmetries
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A previously unknown agent
hides the electroweak symmetry

* A force of a new character, based on
interactions of an elementary scalar

* A new gauge force, perhaps acting on
undiscovered constituents

* A residual force that emerges from strong
dynamics among electroweak gauge bosons

* An echo of extra spacetime dimensions
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Tasks:

Hide EW symmetry
Give masses to W and Z
Give masses to fermions (V?)

Ensure good high-energy behavior
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The Importance of the |-TeV Scale

EWV theory does not predict Higgs-boson mass
Thought experiment:

W*W -, ZZ, HH, HZ satisfy s-wave unitarity,

provided |[My < (8mV2/3Gr)'2 = | TeV

* |f bound is respected, perturbation theory is
“everywhere” reliable

* If not, weak interactions among W+, Z, H become
strong on |-TeV scale

New phenomena are to be found around | TeV
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YH couplings to W, Z tested indirectly

neglects correlations
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Expectations for H production

Vs =14TeV

gluon fusion
pp—H (NNLO + NNLL QCD + NLO EW)

vector-boson fusion
pp—qqH (NNLO QCD + NLO EW)

pp —~WH (NNLO QCD + NLO EW)

pp— ttH (NNLO QCD) \pp*ZH (NNLO QCD + NLO EW)
\
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s it the standard-model Higgs boson!

Do not rush ahead of the evidence ...

How well must we know its properties!?

What can we learn?

European Strategy Update - Snowmass 2013
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LHC HIGGS XS WG 2011
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Signal / Standard Model

19.03.14

ATLAS

[mH=1 25.5 GeV]
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CMS
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Signal strength

Eilam Gross, Moriond 2014
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://indico.in2p3.fr/getFile.py/access?contribId=218&sessionId=8&resId=1&materialId=slides&confId=9116

Fully accounts for EWSB (W, Z couplings)?
Couples to fermions?

Top from production,
direct observation for b, T
Accounts for fermion masses’
Fermion couplings o< masses?

Are there others!
Quantum numbers? (J° = 0%)
SM branching fractions to gauge bosons!
Decays to new particles!?
All production modes as expected?

Implications of My = 126 GeV?
Any sign of new strong dynamics!?

|7
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Top from production,
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Why does the muon weigh!?

gauge symmetry allows

Ce [(BLD)er +Er(PTer)] ~ me = Cov/V2
after SSB

What does the muon weigh?

Ce : picked to give right mass, not predicted

fermion mass implies physics beyond the standard model

18



Why does the muon weigh!?

gauge symmetry allows

Ce [(BLD)er +Er(PTer)] ~ me = Cov/V2
after SSB

What does the muon weigh?

Ce : picked to give right mass, not predicted

fermion mass implies physics beyond the standard model

Veltman: Higgs boson knows something we don’t know!
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Why does discovering the agent matter?

P

Imagine a world without a symmetry-breaking
(Higgs) mechanism at the electroweak scale

19



Electron and quarks would have no mass

QCD would confine quarks into protons, etc.
Nucleon mass little changed

Surprise: QCD would hide EW symmetry,
give tiny masses to W, Z

Massless electron: atoms lose integrity

No atoms means no chemistry, no stable
composite structures like liquids, solids, ...
... ho template for life.

arXiv:0901.3958

20


http://prd.aps.org/abstract/PRD/v79/i9/e096002

Electron and quarks would have no mass

QCD would confine quarks into protons, etc.
Nucleon mass little changed

Surprise: QCD would hide EW symmetry,
give tiny masses to W, Z

Massless electron: atoms lose integrity

No atoms means no chemistry, no stable
composite structures like liquids, solids, ...
... ho template for life.

arXiv:0901.3958

How demonstrate origin of me?

20


http://prd.aps.org/abstract/PRD/v79/i9/e096002

WVe live in a metaphorical superconductor

We have found a new space-filling stuff
The Higgs boson is an excitation of the field

21



WVe live in a metaphorical superconductor

We have found a new space-filling stuff
The Higgs boson is an excitation of the field

Higgs field contributes uniform vacuum energy density

M2 2
OH = Ig” > 108 GeV* =~ 10%® g/liter

3H?2
Critical densit — L < 10729 &/
i 87"-GNewton i g/
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An elementary scalar is a new phenomenon

that poses questions of naturalness and
consistency.

EWSB provides a laboratory for unified

theories and for other phase transitions in
the early universe.

The challenge of vacuum stability; how does
My arise!
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Puzzle #1|: Expect New Physics on eV scale
to stabilize Higgs mass, solve hierarchy problem,
but no quantitative failures of EWV theory

Puzzle #2: Expect New Physics on TeV scale
to stabilize Higgs mass, solve hierarchy problem,
but no sign of flavor-changing neutral currents
Minimal flavor violation a name, not yet an answer

Great interest in searches for
forbidden or suppressed processes

23
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Electric dipole moment de

de <87 x 102 e-cm

ACME Collaboration, ThO

(SM phases: d. <1038 e - cm)
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http://www.sciencemag.org/content/343/6168/269.full.html
http://arxiv.org/abs/1311.5537

The unreasonable effectiveness
of the standard model

arXiv:0907.3187
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The unreasonable effectiveness
of the standard model

... but a few clouds (opportunities?)

arXiv:0907.3187
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Lepton Anomalous Magnetic Moments

as(QED) = 1.159 652 181 78 (77) x 10-
ao(EXP) = 1.159 652 180 73 (28) x 10-3

1 05 (82)
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Lepton Anomalous Magnetic Moments

as(QED) = 1.159 652 181 78 (77) x 10-
ao(EXP) = 1.159 652 180 73 (28) x 10-3

1 05 (82)
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a,(SM) = 1.165 918 02 (42) (26) x 10-2
a,(EXP) = 1.165 920 89 (54) (33) x 10-3
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tandard model omits

neutrino properties

dark matter




Thinking about new machines

International Linear Collider
Circular e*e™ Higgs Factories
Muon Collider for H formation
YY Collider
CLIC (multi-TeV e*e™)
Multi-TeV Muon Collider
“100-TeV”’VLHC

not to neglect

Neutrino Factory

Intense Proton Source ...

30



Important measurements at any moment
depend on what is already known

SM-like or very nonstandard
Discovery of another “Higgs-like object”

Direct evidence for or against new degrees of freedom
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Requirements for a shopper’s guide

Clearly stated assumptions
Documented uncertainty estimates

Rich list of observables, including
r(IJI“I)) MH) A/VIH, ArH, chclie

Rich list of possible machines

A time dimension (linear scale)

Needs & prospects for theory & parameter improvements

32
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Uncertainties in SM predictions

—m——

H->bb 2.36 2.3% +3.3% +2%
+2.3% -3.2% 0 -2%0

0 0 0 +2%
0 0 0 2%
0 0 0 +.5%

0 0 0 -.5%
LHC Higgs Cross Section WG via S. Dawson

259

Ha>WW- 973

Parametric, theory uncertainties comparable
Improve mp, (s
Include two-loop electroweak corrections

34



Uncertainties in SM predictions

—m——

H->bb 2.36 2.3% +3.3% +2%
+2.3% -3.2% 0 -2%0

0 0 0 +2%
0 0 0 2%
0 0 0 +.5%

0 0 0 -.5%
LHC Higgs Cross Section WG via S. Dawson

259

Ha>WW- 973

Parametric, theory uncertainties comparable
Improve mp, (s
Include two-loop electroweak corrections

Also: improve parton distribution functions

34



Important not to narrow the physics vision
by pretending we know the answer

Couplings
Distributions
Mass / width
Searches in the Higgs sector
Searches beyond the Higgs sector

Other parameters: Mw, m;
Back to Z9?

35



How can precise measurements of Higgs couplings
lead us to infer new physics!?

We don'’t (yet) see how such evidence for new
physics can tell us what the new physics is, or on
what energy scale it lies. (No standard BSM)

With or without a pointer; high-energy colliders
search for new particles and can advance the study
of Higgs self-couplings.

Planning can’t neglect opportunities in flavor physics,
neutrinos, ...

36



|. What is the agent of EVWWSB?

Might there be several?

2. Is the Higgs boson elementary or composite! How
does it interact with itself? What triggers EVVSB!?

3. Does the Higgs boson give mass to fermions, or
only to the weak bosons? What sets the masses and
mixings of the quarks and leptons? (How) is fermion
mass related to the electroweak scale?

4. Are there new flavor symmetries that give insights
into fermion masses and mixings?

5. What stabilizes the Higgs-boson mass below | TeV?

37



6. Do the different CC behaviors of LH, RH fermions

reflect a fundamental asymmetry in nature’s laws!?

/. What will be the next symmetry we recognize? Are
there additional heavy gauge bosons!? Is nature
supersymmetric? Is EW theory contained in a GUT?
8. Are all flavor-changing interactions governed by the
standard-model Yukawa couplings? Does “minimal
flavor violation” hold? If so, why?

9. Are there additional sequential quark & lepton
generations! Or new exotic (vector-like) fermions!?
|0. What resolves the strong CP problem!?

38



| |. What are the dark matters? Any flavor structure?
12. Is EWSB an emergent phenomenon connected
with strong dynamics? How would that alter our
conception of unified theories of the strong, weak,
and electromagnetic interactions!?

| 3. Is EWSB related to gravity through extra
spacetime dimensions!

| 4. What resolves the vacuum energy problem!?

|5. (When we understand the origin of EVWWSB), what
lessons does EVVSB hold for unified theories? ... for
inflation? ... for dark energy!?

39



| 6. What explains the baryon asymmetry of the
universe! Are there new (CC) CP-violating phases!?

| 7. Are there new flavor-preserving phases?! VWhat
would observation, or more stringent limits, on
electric-dipole moments imply for BSM theories?

|8. (How) are quark-flavor dynamics and lepton-flavor
dynamics related (beyond the gauge interactions)?

|9. At what scale are the neutrino masses set?! Do

they speak to the TeV scale, unification scale, Planck
scale, ...?

40



| 6. What explains the baryon asymmetry of the
universe! Are there new (CC) CP-violating phases!?

| 7. Are there new flavor-preserving phases? VWhat
would observation, or more stringent limits, on
electric-dipole moments imply for BSM theories!?

|8. (How) are quark-flavor dynamics and lepton-flavor
dynamics related (beyond the gauge interactions)?

|9. At what scale are the neutrino masses set?! Do

they speak to the TeV scale, unification scale, Planck
scale, ...?

20. How are we prisoners of conventional thinking?
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