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A Central Question in Particle Physics

Astro/Cosmo data (Dark matter and baryon asymmetry)
theoretical prejudice (hierarchy/naturality)

N

strongly suggest the presence of New Physics
around the weak scale that is supposed to play a crucial role in
breaking the electroweak symmetry

What is the mechanism of EW symmetry breaking?
often said that the LHC is built to address this question
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What is the mechanism of EWSB?

what we usually mean by that question is

what is cancelling the Higgs A° divergences?
what is ensuring the stability of the weak scale?

h W= Z top
h _____ e el h h
dtE R 3 der k2 ;
/ et / O = map =
v m% ~ms — (115 GeV)? P : “
S 100 GeV ) !

——

This cancellation requires new symmetries

among the TeV scale population
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How to Stabilize the Higgs Potential

® Goldstone's Theorem

spontaneously broken global symmetry :|> massless scalar

... but the Higgs has sizable non-derivative

couplings
& The Spin Trick
2s+1 polarization states

a par‘ricle of spin s: ...with the only exception of a particle moving at the
speed of light

... fewer polarization states

Spin1l  Gauge invariance —> no longitudinal polarization i)

g m=0

Spin 1/2  Chiral symmetry ——> only one helicity

... but the Higgs is a spin O particle



Symmeftries to Stabilize a Scalar Potential

B Supersymmetry

fermion ~ boson

Higher' Dlmen5|0r‘iﬂl 2% gauge-Higgs
a . : S e
Lorentz invariance unification models
A, ~ As
4D spin 1 4D spin O

These symmetries cannot be exact symmetry of the Nature.
They have to be broken. We want to look for a soft breaking in

order to preserve the stabilization of the weak scale.
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Other symmetries?

B Ghost symmetry

SM particle ~ ghost

It was known since Pauli-Villars that ghosts can soften the UV
behavior of the propagators. But they are unstable per se.

Lee-Wick in the 60's proposed a trick to stabilize the ghosts (at
the price of of a violation of causality at the microscopic scale).

C%“?{/}%é g/” (}//KJZ/I N oh-Stan d ar d E W S B EJ%/[A./‘/[ ﬁ//‘;(d/y 7\}[// ;2 008



Little Higgs Models

Higgs as a pseudo-Nambu-Goldstone boson

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
*
*

QCD: m+, i are Goldstone associated to SU(2)r x SU(2)r

: SU(2)isospin
- Qo — (S O 0
LxR exact > gt
m_L = 1 AQCD
e — T |
SR R B -
PH 0,9,9' — 0 would require
Xtop 9,9 thop # 0 A 1 TeV
exact global s strong "~ V" |
g9 ym. 5 Ktop A2
"R T Hstrong ...Too low !
Mg = 0 T E

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

Little Higgs = PNGB + Collective Breaking

QL O
ARSI o T
Mg ~ (47_‘_)2Astrong
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Little Higgs = PNGB + Collective Breaking
Higgs € G/H

The coset structure is broken by 2 sets of interactions
L=Lg/g+91L1+ g2Lo

each interaction preserves a subset of the symmetry
Higgs remains an exact PNGB when either gi or gz is vanishing

 sU(B)/SO(B) -

24-10=14 PNGB
gauge SU(2).xSU(2)r subgroup (broken to SU(2)p)

14-3=11 PNGB left = 31, 21,2, 1o
if gL or gr vanishes, SU(3)/SU(2) coset intact and Higgs remains massless
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Twin Higgs = PNGB + Discrete Symmeftry
Higgs € G/H

new interactions break the coset and generate a potential for the Higgs

discrete symmetry among these interactions
= enlarged symmetry of the Higgs potential

--------------------------------------------------------------------------------------------------------------------------------------------------------
* .

SU(4)/SU(3)
gauge SU(2).xSU(2)r subgroup with L<> R

.
--------------------------------------------------------------------------------------------------------------------------------------------------------

cancelation of a2divergences by new particles which are SM singlets

> avoid conflict with EW precision tests
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Cancellation of A< divergences

L . , , .
_:’@ SuperSyTaRE cancellation by opposite spin particles

il

“top loop cancelled by stop loop
Higgs loop cancelled by higgsino loop
gauge boson loops cancelled by gaugino loops

F e S e : . .
'o Little Higgs | cancellation by same spin particles

top loop cancelled by heavy toop loop
iggs loop cancelled by heavy singlet/triplet scalars
gauge boson loops cancelled by heavy gauge boson loops

R o T i ———
'@ Gauge-Higgs unification !

top loop cancelled by heavy toop loop

Higgs loop cancelled by heavy gauge boson loop
gauge boson loops cancelled by heavy gauge boson loops

cancellation by same spin particles
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What is the mechanism of EWSRB?

All these models assume that we already know the answer to

What is unitarizing the WW scattering amplitudes?
WL & Z_ part of EWSB sector 2 W scattering is a probe of Higgs sector interactions

BNl
* T\ v
75% of the Higgs doublet!)

2
o (el 2 WW scattering is a probe
A=g* (=
My W+ of Higgs sector interactions

A gk

a a W, & Z_ part of EWSB sector
|) (we have already discovered

W- :
Hags
pro’ro’rype Susy pr'o’ro’rype. Techmcolor'

susy partners ~ 100 GeV | rho meson ~ 1 TeV 7



Strongly coupled models

z a phenomenological challenge: how to evade EW precision data ;

{

The resonance that unitarizes the WW scattering amplitudes

W W= W (4
N + o000
P
3 ol W'l- W+

generates a tree-level effect on the SM gauge bosons self-energy

Vs AR & S parameter of order 1.
v Not seen at LEP

-—--—---————————-—-———————-—-—-——-—-~5

ia theoretical challenge: need to develop tools to do computation Y
mww
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Back to "Technicolor” from Xdims

"AdS/CFT" correspondence for model-builder

- =

As — As + Ose h— h-+a

pseudo-Goldstone of a strong force

5 H
~ N\ S
; L TR =
0
I KK modes vector resonances (0 mesons in QCD)
motion along 5th dim ' RG flow
UV IR UV brane UV cutoff
IR brane break. of conformal inv
Advantages Ik local sym. global s

@ hierarchy problem addressed + gauge coupling unification
@ weakly coupled description 2 calculable models

@ new approach to fermion embedding and flavor problem
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The LHC might not see anything
beyond the Standard Model...
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Warped Higgsless Model

Csaki, Grojean, Pilo, Terning ‘O3

UV brane
Z = Ruv ~ l/N\PI

IR brane
Z)LxSU(Z)R z =Rk~ 1/TeV

2
ds® = (;) (nwd:c“’da:” — dz2)
3. LXSU(2)p Q= 2R 1018 Gev
Ryv

La ¥ Dr 75 ity
ALa _ pRa_ g
65(14’50’ —|—A5a) =90

U(I)B L
SU(2).x

Al
95B 47 § 95AR3

BCs kill all A5 massless modes no 4D scalar mode in the spectrum
oo = P - ST A e

/ a8 go R A

B 2 95 R 29 [~

Y/ 7 IR Og RIR/RUV 95 +g,2 R%R 1Og(RIR/RUV)>
\,)-/‘\_S‘“”"

cst of order umty \\

\
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Unitarization of (Elastic) Scattering Amplitude

Same KK mode B E
inand 'out’ €1 T (Afjﬂf‘ﬁ{>

i 2
G=@(E) @@ (E) 4D

/ n n > 4 |
n n i A :

5 Innk Innk E
Innnn Innk Jnnk k i

k |

Innk Innk :

n n n T :

z n n

contact interaction s channel exchange

P — e e =, — e e e =

t channel exchange u channel exchange

_________________
________________________________________________________________

AW = (gimZgink> (£°2F°%(3 + 6eg — c5) +2(3 — ) f*** f*)

k
A(Q)_ ) el 2 3 2 Mk facefbde e fabefcde
:“ ::_ [ Innnn — gnnkw 89/2
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KK Sum Rules

4 ) 2 Mj;

In a KK theory, the effec’rlve couplmgs are given by overlap m‘regr'als of the wavefunctions

?fi ' T8 AN

\\t__;

fm(2) fn(2) fp(2) j

RIR R
dz—

gmnpq v g5D fm( ) gmnp T g5D ;'
2 RUV RUV //
\E T e R ,

——

® E* Sum Rule _ -
= e

Rrr R
i/ quzmk = ggD/ dz%fi(z) — ggp/ dz@ dz’ f2(2) f2(2) Z ?fk(z)fk(z/) =0
k

Ryv

Z - Tr(2 )

Completness of KK modes
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Collider Signatures

unitarity restored by vector resonances whose masses and
couplings are constrained by the unitarity sum rules

|

{ 550 GeV — 10 fb 1
e — 60 th

WZ elastic cross section gwwz M2 : a3,
gWW’ZS F(W _>WZ>N 144 2M2
NN RS B M ] AR RO W . e e T ReT T \/§MW/MW Sw W
is 70 %r o .
S e ; a narrow and light resonance
[+\) ]
O T | ey S e e N S R S T R T T L)
T 3 p : .
NE. 5 W produc’rlon
+ 1 ¥
= k ;
N — : A
" 1 _ A AN RSN A, - discovery reach
102 102 3 Hiqqsless Luminosity: 300/%‘7 - @ LH C
FRNPRPINE PRI SPPEPars e P2 o PP e v | PO . T T T P & F E‘>300&&V
200 300 500 700 1000 2000 3000 5000 / i
N prj>30Ge | (10 events)
LR T/ 20 <yl< 25 g
S = <25 :
S 5
i
z

(L | o BT el N M IS I NI Ty S

‘ 500 1000 7505 2000 25|00 3000 S h ou l d b e seen

V L] L]
e within one/two year
Number of events at the LHC, 300 fb!

VBF (LO) dominates over DY since
couplings of q fo W' are reduced
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Cﬂ%ﬂéf@ }{Jﬁj /V[M

The LHC sees the Higgs
and nothing else...
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Minimal Composite Higgs Model

Agashe, Contino, Pomaral-‘04

IR brane

UV brane

(5)XU(1)B-L R\ 2
dsoies (;) (nﬂyda:‘“dx” = dz2)
SU(2).x (AxUDeL  a=2HB 106 Gev
Ryv

Z = Ruv 2y l/N\Pl Z = RIR ~1/TeV

warped dual to composite Higgs model

SO(4) * "M {Adle 50(5)/50(4)

llllll




Unitarity with Composite Higgs
Technicolor: WL and Z, are part of the strong sector

Higgs = composite object (part of the strong sector to0)
its couplings deviate from a point-like scalar

L2 = Ww-
- W 2% W
Hiqqs
= "?2'7' + + oo
i W+ wt e

light Higgs
partial unitarization

heavy rho

unitarization halfway between weak and strong unitarizations!

@ ¢ susy: no naturalness pb 2 no need for new particles to cancel
A¢ divergences

@ ¢ technicolor: heavier rho 2 smaller oblique corrections; one

2 2
: A g“N v
tunable parameter: v/f. 3, 067 72
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How to obtain a light composite Higgs?

iggs=Pseudo-Goldstone boson of the strong sector
MHiggs=0 when gsm=0

-Yuk
Joniis £rofan;eawa( i 9,0
: BSM symmetry /H residual
) " O e J global symmetry
UV completion
A f %10 TeV

M, = gp,J 7 usual resonances of the strong sector

f A
v 7 246 GeV Higgs = light resonance of the strong sector

m p = mass of the resonances
m
(0.

9p
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Testing the composite nature of the Higgs?

— i —— — - e
i if LHC sees a Higgs and nothing else*:j

@ evidence for string landscape???

@ it will be more important then ever to figure out

whether the Higgs is composite!

@ Model-dependent: production of resonances at mp

® Model-independent: study of Higgs properties & W scattering

Higgs anomalous coupling
strong WW scattering
strong HH production

Q © 0 0

gauge bosons self-couplings

* a likely possibility that precision data seems to point to,
at least in strongly coupled models
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What distinguishes a composite Higgs?

2 2% o (|H|?) 0, (IHI*)  cg ~ O(1)

U:;( o H/f )

F2tr (0,UTORU) = |0, H|? + ji (a\HP) ]H\ OH | + \HTaH|

Uo
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What distinguishes a composite Higgs?

2 2% o (|H|?) 0, (IHI*)  cg ~ O(1)

0 1 V2
H =0 48 = — —— K )2
( - >®£ - <1+0Hf2> (e e
Modified Higgs couplings 1 il CHU_2
Higgs propagator rescaled by J1+ent 2f*
............... B e . o S
i 2 2 no exact cancellation
______ — _ [ 1 — - ; .
0 ( - f2> 32, of the growing amplitudes
w+ LA et el s ol e it e L

L
--------
LT

unitarization restored by heavy resonances

Strong W scattering below my
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SILH Effective Lagrangian

(strongly-interacting light Higgs)

@ extra Higgs leg: H/ f @ extra derivative: 0/m,

e - e~ =

.~" 2‘:
? Cyi G, g7 C 9 y
’72; 1GP 2 QEHTHBHVB/LV 92 16/0 t HTHGCL GGMV
My ng‘ : m 7T gp
ok e R 8 AT TS, T e Roe diE 4 9 oo Ly g v :

e,
“a
b/}
.
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EWPT constraints

U2

| <2x 107 removed
2 by custodial symmetry

Barbieri, Bellazzini, Rychkov, Varagnolo ‘07

g,T = alogmy + b

8-

S.T =a((1—cyé)logmy + cylogh) +b

! A CELUSHRTY
e.ffec‘rlve mzﬁ i g <_> SE < ¥
Higgs mass mp,

LEPTL, for my~115 GeV: LML = US>

modified Higgs couplings to matter



Higgs anomalous couplings

T(h— ff)ane =Llhsta).  [1E(06 = c e

L'(h— 99)sun =L(h— g9)sy [1 — (2¢y + cm) v?/ f?]

observable @ LHC?

2.0

1.8
1.6
1.4

" R
1.0
0.8

A (0BR)/(6 BR)

0.6
0.4

2
0.0

lllllllIlllIllIIlllllllllllllllllllllllII

ATLAS

/Ldt — 300 fb 1

— — —. 6(VBE) BRIi—>y))
o(h) BR(h—>yy)
o(tth) BR(h—> bb)

o(Zh) BR(h—>yy)

o(VBF) BR(h—>11)

110

17 5% 120

CZ&L@&%Z{}@&%@

A(0BR)/(c BR)

1:0

Q.5

O
Q

S
O

=40 "R

ISR T R il T TR
Hervs/ff = 1/4 o(VBE) BR(i—>WW,ZZ) -
TR ML s (tth) BR(h—>yy) -
B oth) BROi—> b))
o - o(VBE) BR(h—> 1) 5
| i | |
120 140 160 180 200
myy (GeV)
LHC can measure
B
T i

CHFa Cyﬁ

L Up to 20-400/0)

(composite scale 5-7 TeV)

(ILC could go to few %

125 130 135 140 145 150 ie test composite Higgs up to 4rf ~ 30 TeV)

myy (GeV)

Non-Standard EWSB
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Strong W scattering

Even with a light Higgs, growing amplitudes (at least up tom )

E CH S

A(Z22% - WiWg )= A(WEW, = ZZERE e e T, ;Iz
¢ 5 2, el
A(Wizg_)Wj:ZL) :CfiQ’ A(Wl—)i_WL —>WI_J'_WL) e CH(;2 )

A(Z}Z) — Z2Z7) =0

’U2 ;
E o(pp — VLV X),, = (CHF> o (pp — ViV, X)y

'LHC is sensitive to
leptonic vector decay channels 2
forward jet-tag, back-to-back lepton, central jet-veto @ CH 45
with 300 fb! e
30 signal-events and 10 background-events blgget” than
0507
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Strong Higgs production
O(4) symmetry between W\, Z. and the physical Higgs

strong boson scattering < strong Higgs production

A(Z229 — hh) = A(WFW; — hh) = 7—2‘9
q . h :
wh, signal: @ hh — bbbb
q_W “h ® hh — 4W — Cltvvjets

Sum rule (with cuts |An| < d and s < M?)

' 1 )
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Direct vs. indirect signals

direct production of (TeV) resonances

W
L
7 2 6
4 3 TeV
0(ppﬁpi+X)=<—ﬂ> < : ) 0.5 fb
9p mp

for larger go, the resonances are increasingly harder to see as
1/ they are broader and heavier

2/ they couple more and more weakly to fermions

LHC could reach a resonance around 4 TeV



Continuous Connections between Models

Composite Higgs > Higgsless

reduce couplings Higgs/W ,Z
"gaugephobic higgs”

hew realization of old
v bosonic technicolor

v topcolor assisted technicolor
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E@m‘éo Scenaries

The LHC see many exciting signatures
beyond the Standard Model...
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To complete the review...

Hidden valley models

@ low mass hidden sectors connected to SM
through higher dimension operators

@ hidden = neutral under SM gauge group,
charged under high mass mediator

@ possible decays to ‘our’ universe via tunneling

" The dark valle
Universe

Thevisible | """ Decay to visple universe via
Universe tunneling
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To complete the review...

Unparticles

@ example of hidden valley models with a hidden sector
with a non-trivial conformal IR fixed point

unparticles look like a non-integral
number of invisible particles

D

Higgs portal

@ more Higgs doublets or new Higgs singlets

@ dark matter candidates
@ strengthen the EW phase transition => EW baryogenesis?
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Goncl B0

EW interactions need a UV moderator
to unitarize WW scattering amplitude

"theorists are getting cold feet”
"they have done their best to predict the possible and impossible”

Oblique corrections are a test of new physics

Need other observables to identify the nature of new physics



What is the mechanism of EW symmetry breaking?

o DO o

1/ is there a Higgs? v / v
2/ what are the Higgs mass/couplings LI v/
3/ is the Higgs a SM like weak doublet? i) a 4
4/ is the Higgs elementary or composite? R Y
5/ is EWSB natural or fine-tuned? ? VA 44
6/ are there new dimensions? new strong forces? - v v






