ELECTROWEAK SYMMETRY
BREAKING
_epton Photon Conference, 2005

Sally Dawson, BNL




What’s wrong with the SM and a light Higgs?

Measurement Fit domea_s—ofi‘gcme“a 1 sided 959% cl
|
6 . [ I T F's
m,[GeV] 91.1875+0.0021 91.1874 T ) T:
I,[GeV]  24952+0.0023  2.4965 : — ) _ § 7
ol nbl  41540+0.037  41.481 5 b 0537(15;+0 —— g —
R, 20.767£0.025  20.739 | > j A ‘.
AL 0.01714 £ 0.00095 0.01642 -/ 49£0.00012 gy
A(P) 0.1465+0.0032  0.1480 4+ ** incl. low Q" data .
R, 0.21629 + 0.00066 0.21562 ] e
R, 0.1721£0.0030  0.1723 } 2
e 0.0992 +0.0016  0.1037 S 37 N
fo 0992 + 0. : F_ <
A%S 0.0707 £0.0035  0.0742 1 T
A, 0.923£0.020  0.935 2] .
A, 0.670+0.027  0.668 )
A(SLD)  0.1513+0.0021  0.1430 emmmmm—m ] i
sin%0°?(Q,) 0.2324 +0.0012  0.2314 1 =
m, [GeV] 80.425+0034  80.389 l 1
r,[GeV]  2.133+0.069 2.003 Excluded
m, [GeV] 178.0+ 4.3 178.5 T '
_ 30 500
o 1 2 3

m, [GeV]
SM with light Higgs works pretty well!
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Who Needs a Higgs Anyways?




Who Needs a Higgs Anyways?

- 2 TN Terms which grow

| | A~ Q° e with energy cancel
I w for E >> My
I“ w E2 - .
Tt AR —gR— This cancellation
N My ) |requires My < 800 GeV

No unitarity violation: SM is weakly interacting



Who needs a Higgs Anyways?

« Standard model is chiral theory
— Example:
o t 1S SU(2) doublet, tr Is SU(2) singlet
— Quark and lepton masses are forbidden by
SU(2) x U(1) gauge symmetry
* Mass term connects left and right-handed
fermions: L~mf f,

— SU(2) Higgs provides gauge invariant coupling
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Standard Model Is Unsatisfactory

e Despite phenomenological successes
— Gauge Invariant masses for W, Z, fermions
— Unitarity conservation
— Agreement with precision electroweak measurements




Light Scalars are unnatural

Problem # 1
 Higgs mass grows with high scale, A (a priori A=Mp)
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Quantum Corrections Connect Weak and Planck
Scales
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Little Hierarchy Problem
Problem #2 with SM light Higgs Picture

* Need new physics at 1 TeV

. . New operators Experimental limits
to get light Higgs -
: : (ds)(ds)
e Much possible new physics N AT
- - m,(So,, F*b)
IS excluded at this scale I A>50TeV
— Look at possible dimension 6 Wigh) A>5Tev
operators (@*h'D*h
e Many more operators than A
shown here

— Limits depend on what
symmetry is violated

Schmaltz, hep-ph/0502182



Explosion of Creativity




Many New Models...Hot Area of Research

Supersymmetry
— Trusty standard
— NMSSM, MSSM with CP violation....

Little Higgs

— Higgs is pseudo Goldstone boson
Fat Higgs, Composite Higgs.....

Extra dimensions

— Higgs i1s component of gauge field in extra dimension
— Higgsless: Symmetry breaking from boundary conditions

Strong electroweak symmetry breaking
— Technicolor, top-color



Quantum Corrections and Supersymmetry
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Supersymmetry (MSSM version)
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Many positive aspects - oot o
& Tevatron/LHC MSS -

— Gauge coupling unification 0805 L0.cia2
— Dark Matter candidate (LSP)

— Predicts light Higgs boson o 300
e My< 140 GeV

— Agrees with precision EW :
measurements
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Supersymmetry

Negative things —
. - M,* <M, cos’ 2/ + Ft || —Lt2
— Where is it? V2r?sin? { m }
— Light Higgs—MGsop problem
LEP limit: My>114 GeV |, M, > (950 GeV)?|

Stop needs to be heavy so that lightest Higgs mass satisfies LEP
bound

Minimizing Higgs potential

1 Mi=169.3,174.3,179.3,
{183 GeV

| Excluded tan B region
1 sensitive to M

2 2 2
1M§:— 2+MH2—tan AML

2 a tan? -1

SUSY particles are naturally light ++
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Tension....

LHWG-Note 2005-01



Modifying the MSSM: NMSSM

Simplest modification of MSSM: add Higgs singlet S
Superpotential W =4H,H,S +§s3

— A<S>HiH> naturally generates uH;H term

At tree level, lightest Higgs mass bound becomes:

Assume couplings perturbative to Mgut
— My < 150 GeV with singlet Higgs
Phenomenology very different from MSSM



NMSSM Higgs Mass Spectrum

Typical Scenario:
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Ellwanger, Gunion, Hugonie, hep-ph/0503203

Miller, Nevzorov, Zerwas, hep-ph/0304049

Choi, Miller, Zerwas, hep-ph/0407209



Supersymmetry with CP violation

* Non-zero phases for Arg(u) & Arg(Ags) (scalar tri-
linear coupling) can generate large CP violation from

radiative corrections
3 neutral Higgs bosons of the MSSM mix

e Higgs boson production and decay can be very
different with CP violation
— Higgs limits from e*e- —ZH; (1=1,2,3) and e*e- —H;H; (1#])
at LEP

— With CP violation, low mass Higgs can be mostly CP odd
with highly suppressed couplings to Z pairs; H, and Hs can
be out of kinematic reach of LEP




99.7% cl

MSSM with CP violation

Excluded region in CPX scheme
Arg (Ap)=900°

Theoretically B
inaccessible
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» EXxclusion region disappears for
tan 3 between 4 and 10

»Muy, <114 GeV and tan 3 < 3.5
excluded

»tan 3 > 2.6 at 95%cl
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The Higgs as a Goldstone Boson

o Little Higgs models
e Basic idea:

— Break continuous global symmetry spontaneously

— Higgs iIs Goldstone boson of broken symmetry

— Many variants
 Littlest Higgs model: non-linear c model based on

SU(5)/SO(5)

— Global SU(5) — Global SO(5) with <> »=¢""""(3)

— Gauged [SU(2) x U(D)]1 x [SU(2) xU(1)].
—)SU(Z) X U(1)3|\/|



Littlest Higgs Model, continued

» Quadratic contributions to Higgs mass cancelled at
one-loop by new states

*W,Z,B < Wy, Zy, Ax
et T
*Ho ¢
o Cancellation between states with same spin statistics
— Naturalness requires f ~ few TeV

o Symmetries only allow Higgs mass at 2-loops
— 8Mp2~(g2/16m2)2A2
— Allows scale to be raised to A ~10 TeV



Solving the Little Hierarchy Problem with Little
Higgs Models

«Weak Coupling | Strong Coupling—

weak =4 gf =1-3TeV A =4nf

Weak Quadratic divergences

cancelled by new states
103 GeV 10 TeV

Higgs gets mass at 2-loops Higgs is pseudo Goldstone boson
from global symmetry breaking at A



Little Higgs Models and Precision EW
Measurements

 Mixing of SM gauge bosons with heavy gauge
bosons of little Higgs models gives strong constraints
onscale, f>1-4 TeV
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* Introduce symmetry (T parity) so new particles must
be produced In pairs
— Eliminates tree level constraints
— Scale can be lower, f ~ 500 GeV

— Lightest neutral gauge boson, Ay, could be dark matter
candidate

H.Cheng and I. Low, hep-ph/0409025, J. Hubisz and P. Meade, hep-ph/0411264



New Phenomenology with T parity

*Heavy Higgs allowed
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Hubisz, Meade, Noble, Perelstein, hep-ph/0506042
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IS dark matter candidate
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Relic density of lightest T-
odd particle is within 2c of
WMAP central value



Little Higgs Models

« All models have at least one vector-like quark and
extra gauge bosons and scalars at TeV scale
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Models with Scalar Triplets

SU(2) x U(1) model with scalar doublet
and triplet

— 2 neutral Higgs, one charged Higgs

p=1 at tree level
Heavy Higgs allowed because of

cancellations at one-loop
— Triplets are non-decoupling, m?
contributions to precision measurements
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Extra dimensions and EWSB

Extra dimension models offer new possibilities for
EWSB

Higgs could be 5" dimension of gauge field

- A=(A,, As)

Or....generate EWSB from boundary conditions on
branes

— Higgsless

Models generically have “tower” of Kaluza Klein
particles (massive vector particles): Vy



Warped Extra Dimensions
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EWSB without a Higgs

* As Higgs gets heavy, electroweak predictions get further and
further from data

| 2008
7/ !

0. . : . | Fitassumes My=150 GeV
-0.4 -0.2 0 0.2 0.4

* Heavy Higgs gives too large value of S, too small value for T
 EW precision measurements are a problem in Higgsless models
o Usually, light KK modes give too large contribution to S



Approaching the SM without a Higgs

e How to get p=Mw?4/(Mz%c0s%0w) ~ 1?
e In SM ensured by custodial SU(2) symmetry:

— Higgs sector has global SU(2). x SU(2)r
— Higgs VEV breaks symmetry to SU(2)p

* Need similar symmetry in higher dimension theory

Planck scale

SU@LX SU@RX U, | 1V SCAlE
5D Warped space

SU2)r X U(1)s.L— U(L)y SU(2)r X SU(2).— SU(2)o



Sum Rules in Higgsless Models

*Elastic scattering amplitudes for gauge bosons: a=a*E.+aE

+ A?

My My

+ A%+ ...

SM, A# vanishes by gauge invariance
Vi Vi

Vk A= (gr?nnn _Zk grfnk)( """ )
. '
Vn gnnnn Vn gnnk A2 B (4g§nnn _32 gr?nk mki)()
k n

5D Higgsless models satisfy sum rules exactly (5D gauge
Invariance)

*4D deconstructed Higgsless models satisfy sum rules to a few %

_ightest KK mode needs to be light enough for cancellation to
happen before amplitude already large, M~1-2 TeV

Davoudiasl, Hewett, Lillie, Rizzo, hep-ph/0403300 Look for heavy 7
Papucci, hep-ph/0408058 gauge bosons




In general, EW corrections too large
In Higgsless models

Where are fermions?

— If on Planck brane, S positive

— If on TeV Dbrane (in Randall
Sundrum), S Is negative

— Find intermediate point...

Construct models with weak
coupling between KK

modes and fermions »Region around c=1/2 where S,T,U small
» Couplings of fermions to KK modes
Much progress small with c=1/2

Cacciapaglia, Csaki, Grojean, Terning, hep-ph/0409126
Chivukula, Simmons, He, Kurachi, Tanabashi, hep-ph/0504114
Agashe, Delgado, May, Sundrum, hep-ph/0308036



Experimental Signatures of Higgsless Models

* Weakly coupled Kaluza Klein
particles are generic feature of
Higgsless Models

e Look for massive W, Z, v like

GeV)

narticles in vector boson fusion

— Need small couplings to fermions 3!

to avoid precision EW constraints
— Narrow resonances in WZ channel
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Standard Model Is Effective Low Energy Theory

 We don’t know what’s happening at high energy
° Effectlv? theory approach: | P ———
LzVITrD”Z+DﬂZ+Ziai%+... =gl components of W,Z

« Compute deviations from SM due to new operators
and compare with experimental data

 [nany given model, compute coefficients of
operators

o Global fit to 21 flavor and CP conserving operators
— Some linear combinations of operators are yery weakl
constrained (below 1 TeV)
— Apply analysis to bound new Z’> 2 TeV

Han & Skiba, hep-ph/0412166
Barbieri, Pomarol, Rattazzi, Strumia, hep-ph/0405040




Higgs can be heavy with new physics

o Specific examples of heavy Higgs bosons in Little
Higgs and Triplet Models

My~ 450-500 GeV allowed with large isospin
violation (aAT=p) and higher dimension operators

L' =¢,(Trz*z,D,2f +c,Tr(B,, =" W*3)
T

Generates large
iIsospin violation

Chivukula, Holbling, hep-ph/0110214




CONCLUSION:
Many possibilities for EWSB
Possibilities strongly restricted by precision measurements
All of these models have experimental signatures:
 Scalar particles
 New Z’ (or Z’ like) bosons
* Non-Standard vector boson interactions
e Heavy Higgs boson (s)
i

INIHAT IS AR MATTE,
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ing soon

Apologies for all the models | didn’t discuss!



