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1. Weak or Strong EWSB ?



The physics discovered so far : Lsm = Lo+ Linass
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The SUQ)LxU(1)y symmetry is Interactions are invariant under SU(2)r xU(1)y

non-linearly realized (or “hidden”): The mass spectrum is not
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e The SU(2).xU(l)y symmetry is now manifest, though non-linearly realized
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* In the unitary gauge () = 1, Lyass Mg,
equals the original mass Lagrangian with : '
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This formulation makes the problem most transparent:

There is a violation of perturbative unitarity

in the scattering of the Goldstone bosons:

which is in fact linked to the non-renormalizability of the Lagrangian

The Equivalence Theorem implies that this corresponds to the scattering of
longitudinal vector bosons:
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ISy We need a new EWSB sector that acts as a UV completion
- of the EW chiral Lagrangian and restores unitarity

..............................................................................................................................................................................................................

EWSB | {Xaij}

TP sector

must respect the custodial symmetry

Q: is such new sector weakly or strongly interacting ?



The Higgs model as a prototype of weak EWSB dynamics :

Most economical addition :

1 scalar field singlet under SU(2).x SU(2)r
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v/ good agreement with EW precision tests

X theoretically unsatisfactory (UV instability of Higgs mass term)



The Higgs model as a prototype of weak EWSB dynamics :

Most economical addition :

1 scalar field singlet under SU(2).x SU(2)r
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There is an unbroken custodial symmetry SO(3)

preserved by the Higgs vev that leads to p =1
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(H'H) = v?  breaks SO(4)—SO(3)



Technicolor as a prototype of strong EWSB dynamics :

EWSB Confining SU(Ntc) with bound states in the IR
sector X" are composite NG bosons (like 7t in QCD)
X+‘ MY b :
'y X On Scattering cross section grows strong
Z " until the resonances exchange restores
X_-"." Y™ { unitarity at the SU(Ntc) confining scale

V| theoretically satisfactory

X naively at odds with EW precision tests ANNSE VAVAV



2. Composite Higgs



The Composite Higgs

It is also possible that a light Higgs-like scalar arises as

a bound state from a strongly-interacting EWSB sector [Georgi & Kaplan, *80s]
Motivations:
A strong
* A composite Higgs solves the B sector
hierarchy problem (W)
Gl G
A light Higgs is preferred by the h
electroweak fit
I A light composite Higgs can naturally arise
as a (pseudo) Nambu-Goldstone boson m,
h
enlarge the global symmetry mp
of the strong sector to havea  ex: SO(5) — SO)
full SU(2) doublet




(fixed by the dynamics)
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decoupling limit:

All p’s become heavy and
one re-obtains the SM



1-loop potential for the pseudo-Goldstone Higgs

tr
& only loops with virtual elementary
fields generate a potential 7 i
¢ Higgs couplings switch off at large
momenta = finiteness
LR

Form Factors

periodic function (H € G/G")
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Explicit models built in the context of 5D warped [ R.C., Nomura, Pomarol, NPB 671 (2003) 148 ]

field theories (Randall-Sundrum compactifications) [ Agashe, R.C., Pomarol, NPB 719 (2005) 165 ]

graviton &
light fermions

e
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* Scales depend on the position:

translation in y < 4D rescaling

AdS;
* Solution to the Hierarchy Problem

IR geography of wave functions in the bulk
brane
uv LRt
brane Wik
warp factor Lo 2kmR | TeoV
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The holographic description

SM fermions live here
/
w4
UV Bulk IR
brane / brane
Higgs profile

UV brane Bulk + IR brane i
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A brane-to-brane propagator between two d q
sources on the UV boundary “probes” only
up to distances z ~ 1/q, where ¢ is the 4D
exchanged momentum: 1
IR
G L —qz f 1 brane
(9, Lo, 2) ~ ¢ or gz >> i il
brane
al=ik et 2 = L

the Higgs structure along the extra dimension
appears like a form factor

for an observer on the UV brane



Generic low-energy parametrization for a light scalar :

a, b, ¢ are free parameters
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e Given the g-model Lagrangian, a, b For example, for SO(5)—SO(4):
are predicted in terms of &.
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e ¢ is also a function of £ but more
model dependent
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e For a” = 1 the scalar exchange unitarizes the WW scattering
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ex: VVW scattering becomes strong at NCLS

a = b= c=1 defines the Higgs Model

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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The study of VV — VV, VV — hh and VV — 91

tests three different parameters
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ex: V'V — hh allows one to distinguish a composite Higgs from

the case of a light dilaton ( a* = b = ¢*)
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universal behavior (SILH)




An eftective Lagrangian for the
Strongly Interacting Light Higgs

bUﬂt along the rules Of Giudice, Grojean, Pomarol, Rattazzi

the chiral expansion: JHEP 0706:045 (2007)

1. each extra Goldstone leg 1s weighted by a factor 1/f =g,/m,

2. each derivative 1s weighted by a factor 1/m,,

3. higher dimensional operators that violate the non-linear

symmetry of the 0-model must be suppressed by gs



at the level of dimension-6 operators:

strong constraint from LEP
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dominant effect:

shift in the Higgs couplings

\
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directly aftect Higgs gluon production

and Higgs decay to photons
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shifts in the Higgs couplings:
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3. Elementary or Composite ?



1. Measuring the Higgs couplings (determines g, c )

prediction for an SO(5)/SO(4) model
[ ¢,/ca = 1] with ¢ & 75 0129

[ Giudice et al. JHEP 0706:045, 2007 ]

[ R.C., DaRold, Pomarol

PRD 75 (2007) 055014 ]
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[ Duhrssen ATL-PHYS-2003-030 ]

[ Giudice et al. JHEP 0706:045, 2007 ]




1. Measuring the Higgs couplings (determines g, c )
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2. Studyof ww — WWw (determines a )

v Strong “pollution” from transverse polarizations

N

v¢ The onset of the strong scattering is delayed
to larger energies

Events per 100 fb-! in the golden
purely leptonic decay modes

Ttot (fb) PARTON LEVEL signala =0 SM SM bckg
. ,
D I wrwt S wwt 7% 15 9 0.7
I x 107 WTW— 5.8 P 12
5x 105 | W*Z 310 1.2 4.9
| WEW=* 13 5.6 SHG
2x 108 |
| x 108 |
5x 105 | (W Wy, signal) =o(a = 0)
2 x 10° :\ LL—»LL§=0: — o(SM mjy, = 100 GeV)
400 1200 2000 2800
Vs [GeV] [ Bagger et al. PRD 52 (1995) 3878 ]




3. Study of Ww — hh

W

strong interaction

( determines b )

Despite the more complex final state WW — hh is
competitive with WW — W W to probe the Higgs

o ®
o
o
o>
-

Preliminary results for mj, = 180 GeV

108
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102

400

PARTON LEVEL

AAAAAA

N., (300 tb=1) || o (300 fb~1)
= 10 7.4 3.7
E— 08 5.0 2.6
3 leptons EE05 23 152
Background 1.5 s
Si=1 L0 23.6 4.0
; £=0.8 16.0 2.8
2 same-sign leptons S=3015 718 1.3
Background 26.2 i

[ work in progress with Grojean, Moretti, Piccinini, Rattazzi ]
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CERN-OPEN-2008-020 Supersymmetry 1513
December 2008 Supersymmetry Searches 1514
Data-Driven Determinations of W, Z and Top Backgrounds to Supersymmetry 1525

Estimation of QCD Backgrounds to Searches for Supe rsymmetry 1562

Prospects for Supe rsymmetry Discovery Basad on Inclusive Searches 1389

Measueme nts from Supersymmetric Events 1617

Multi-Lepton Supersymmetry Searches 1643

Supersymmetry Signatures with High-p7 Photons or Long-Lived Heavy Particles 1660

Exotic Processes 1695

Dilepton Rescnances at High Mass 1696

Lepton plus Missing Transverss Epergy Signals at High Mass 1726

Search for Leptoquark Pairs and Majorana Neutrinos from Right-Handad W Boson Decays in

1750
q I Vector Beson Scauering at High Mass 1769

f)imry Reach for Black Hok Production 1803

Expected Pet Process Cross section (fb) Luminosity (fb~") | Significance
| signal background for3c [ for5c | for 100 fb~!
WW/WZ — by jj.
m =500 GeV 0.31+£0.05 0.794+0.26 85 235 3.3+0.7
WW/WZ — by jj.
m = 800 GeV 0.65+0.04 0.87+0.28 20 60 6.3+0.9
WW/WZ — by jj.
_— m=1.1TeV 0.2440.03 0.46+0.25 85 230 3.3+0.8
ATLAS & W;iZ g, m = 500 GeV 0.284+0.04 0.20+0.18 30 90 53+1.9
f’,f;.;';‘.,‘-‘ﬁ;“] Wi Zge, m =500 GeV 0.40+0.03 0.25+0.03 20 55 6.6+0.5
examined || W;iZgp, m = 800 GeV 0.24 +£0.02 0.30+£0.22 60 160 39+1.2
hedsaexyy | W;Zge, m =800 GeV | 0.274+0.024+0.05 | 0.23£0.07 £0.05 38 105 49+1.1
WiZyy.m=1.1TeV |0.19+0.01+:0.04 | 0.224+0.07 £0.05 68 191 36+1.0
WiZp.m=1.1TeV 0.0704+0.004 0.020 +£0.009 70 200 3.6+0.5
ZywZge, m = 500 GeV 0.324+0.02 0.154+0.03 20 60 6.6+0.6
Table 10: Approximate signal and background cross sections expected after the analyses. An approxi-
mate value of the luminosity required for 3¢ and 5¢ significance, and the expected significance for 100
fb—! are shown. The uncertainties, when given, are due to Monte Carlo statistics only.
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e Atthe ILC one would test — at % level

f2

Barger, Han, Langacker,
McElrath,Zerwas 03

Aguilar-Saavedra et al.
ECFA/DESY LC Physics WG

® Also test deviation from SM in Higgs potential

Coupling My = 120 GeV | 140 GeV
JGHWW + 0.012 4+ 0.020
9HZZ + 0.012 4+ 0.013
GH1t + 0.030 + 0.061
JHb + 0.022 + 0.022
GHee + 0.037 + 0.102
9Hrr + 0.033 4+ 0.048
JHWW [9HZZ + 0.017 + 0.024
gH | GHWW + 0.029 + 0.052
gH | IHWW + 0.012 + 0.022

9urr | SHWW + 0.033 + 0.041
Gt/ THBb + 0.026 + 0.057
JHee/ GHbb + 0.041 + 0.100
9T/ 9Hbb + 0.027 + 0.042

Table 2.2.6: Relative accuracy on Higgs couplings and their ratios obtained from a global
fit (see text). An integrated luminosity of 500 fb—1 at /s = 500 GeV is assumed except
for the measurement of e, which assumes 1000 b~ at \/s = 800GeV in addition.

ij—j (H H) 20

ILC can rule out Higgs compositeness scale 47 f below 30 TeV

[ From Rattazzi, talk at Princeton 07 ]



Trilinear vector boson couplings

—1g COS OWQIZZ“ (W"‘”W‘;, — W_”W:;,)
—ig (cos Ow kz Z"" + sin Oy k- A"Y) W:WV_

LHC with 100 b1 cantestdownto  ¢¥ = 1%,

weaker sensitivity on 17} 0 than from direct production of heavy states

or than LEP bound S < 2%x1073




