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Higgs = “raison d'eétre” of LHC

@ ~b00 physics papers over the last 5 years have an
infroduction starting like

>"The main goal of the LHC is to unveil the mechanism of electroweak symmetry breaking”,
>"How the electroweak gauge symmetry is spontaneously broken is one of the most urgent and
challenging questions before particle physics.”

@ ~9000 papers in Spires contain "Higgs" in their title
@ ~3x10° references in google

@ ... no Nobel prize (so far)

Reasons of a success

@ last missing piece of the SM?

@ at the origin of the masses of elementary particles?
@ unitarization of WW scattering amplitudes?

@ screening of gauge boson self-energies?
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Why do we need to go beyond the SM Higgs?

/" unsuccessful searches for a Higgs boson

= Ew precision data:

@ consistency with a light Higgs
@ strong constraints on anything else

'legacy of last 20 years of expts.’

ket TR o ._.Ezf?.-’- ks

we have to live with either

» fine-tuning in parameter space @
or
larger theory space
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The source of the Goldstone's
symmetry breaking: new phase with more degrees of freedom
SU(2).xSU(2)r
SU(2)v

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons

=» Where are these Goldstone's coming from? <

what is the sector responsible for the breaking SU(2).xSU(2)r to SU(2)v?
with which dynamics? with which interactions to the SM particles?

common lore: from a scalar Higgs doublet /ﬁ~
A\

] ( h* > Higgs doublet = 4 real scalar fields

0
h 3eaten «—  — One physical degree of freedom
Goldstone bosons the Higgs boson
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The source of the Goldstone's
symmetry breaking: new phase with more degrees of freedom
SU(2).xSU(2)r
SU(2)v

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons

=» Where are these Goldstone's coming from? <=

common lore: from a scalar Higgs doublet @‘

L ( h* > Higgs doublet = 4 real scalar fields

Good
agreement
with EW data

(doublet & p=1)

But the Higgs
hasn't been
seen yert...

"Myth or fact?"
How close to reality is the SM Higgs boson?
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The hierarchy problem

need new degrees of freedom to cancel A¢ divergences
and ensure the stability of the weak scale

g W= Z top
P r——————% " P A “—2~}
Lo oo 2
1 mfi mg — (115 GeV) (400 GeV) j

£ add a sym. such that a Higgs mass is forbidden until this sym. is broken

@ supersymmetry
@ gauge-Higgs unification
@ Higgs as a pseudo Nambu-Goldstone boson

4 lower the UV scale

@ large extra-dimension
@ 10°° species

5 remove the Higgs
@ technicolor
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Hierarchy Problem Now

4ccOra//n3 Zo J. Terning, MC4BSM,

N

Technicolor

Extra
Di mensions\

SUSY

small discrete RS Higgsless

N\

large Little Higgs gaugephobic Higgs

Beyono/ Z e %ﬁgS



Hierarchy problem vs flavor: tension
Clash of Scales

X\ r%Flavor' 1;-_}

Higgs sector 7

A< 3-4 TeV
the higher The scale of new physucs the more fine-tuned the Higgs, ‘rhe less Ilkely a dusc;ver'y at LHC
Weak Strong

Techmcolor
H-<qq> dlm 3

'———-—‘.‘——-\,

— e —

H = elem. scalar'. dim=1

A2 ‘H‘2

F\HIQ
sick when A —

fine when A — «

|

vi; Hqiq; & E(Qi@jqwl)

FH%CL' & A2 (9:9;91q1)

fine when A — o sick when A > o
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Hierarchy problem vs flavor: lesson?
Clash of Scales

.nggs-sec‘ror‘ 7 Y\ ! ‘Flavor
IR L NS

Is flavor telling us anything about the solution to the hierarchy problem?

Weak LTI T U T T L oy —
| would solve both pbs
but it seems impossible o realize

H=<qq>: dim=3
1
F\HF

H = elem. scalar: dim=1
A2 |H|2
sick when A — o

[Luty-Okui ‘04, Rattazzi et al ‘08]

fine when A — o

| ¢ 1 R e
= HuT & F(QinQkQZ)

sick when A — o

_ i iy
vij Hqiq; &p(qiqjqkm)

fine when A — o
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Hierarchy problem vs flavor: lesson?
Clash of Scales

|ggs sec’ror&, 7 \\ r‘Flavor'
e ,.V.J
Is flavor telling us anything about the solution to the hierarchy problem?

confogl Fa TR

Weak : STr'Ong

Technicolor

Y ——— e < r—
e o e ——

H=<qq>: dim=3
1
F\HF

H = elem. scalar: dim=1
A2 |H‘2
sick when A — o

mixing elem. and composite fermions
dim qR,L:3/2, dim ORydeR,L

fine when A — o

QLOR | QROL | OLOR

dR—5/2 | dR—5/2 I dr+dr—4
AR AL A

dr*5/2 solves the flavor pb

| 1 R Jh
1w HwuT & F(Qi@j‘]k@l)

sick when A — o

_ i iy
vij Hqiq; &p(qiqjqk(ﬂ)

fine when A — o
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Partial compositeness: fermion masses

mixing elem. and com-posiTe fermions
dim QR,L=3/2, dim OR,deR,L
QLOR | QROL | OLOR

dR—5/2 | dR—5/2 I dr,+dr—4
AR AL A

\—.\(—J

amount of . : |
compositeness integrating out heavy fields
fQL,R x’\‘ : » ,,_«;.\‘
ARAL
i,
A dL4R

il

“fermion mass hierarchy easily generated by small diff. in anomalous dims

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

Vereir~ | s e sy S 7t '
3 2 Y st
N KN iVC%(Mqui/quj

.
----------------------------------------------------------
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Partial Compositeness: fermion masses

Higgs part of the strong sector: it couples only fo composite fermions
H Yukawa couplmg
= / in the strong sector
* -
‘ fCL\ Yx =
/ |
| light) | light) R ’

when the Higgs gets a vev, the light dof will acquire a mass prop. o

Yeﬁ: Y* fCLfCR

Yukawa hierarchy comes from the hierarchy of compositeness
the lighter the fermion, the less coupled to the strong sector
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Partial compositeness: xdim realization

[Grossman and Neubert, '00]

YAV [Gherghetta and Pomarol, ‘00]
fermion zero-mode has [Huber, ‘03]
an exponen’rial pr'ofile X(Z) i Jic (z )2 (i) g
in the bulk VBN R/

fc is the "value" of wavefct. on the IR:
y C<1/2: heavy fermion

f \/ 1 — 2c chO(l)

8\ 11— (R/RY)L2c

G ~_ c¢>1/2: light fermion
fo~ (R/R) T <1

light fermion exponentially localized on the UV brane
> overlap with Higgs vev on the IR tiny
> exponentially small 4D mass

IR localized fermion=composite
5D models=weakly coupled dual of 4D strongly models
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Holographic Models of EWSB

Bulk gauge fields: [Pomarol, "00]
Holographic technicolor=Higgsless: [Csaki et al., ‘02
Holographic composite Higgs: [ Agashe et al., '04]

or
Gauge breaking by
~boundary condi

——— —

6=SU(2).xSU(2)rxU(1)a-L i @ UV completion: log running of gauge couplings
G=SO(D)xU(1)x

»

6=50(6)xU(1)x i @ Custodial symmetry from bulk SU(2)r
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A multi-dimensional deformation of the SM

3 ca/ /ng dimension

(v /#)?
deviations of Y/I%S

Cioap/ /)755 £ronr SM

pseudo—scalar miXing 1
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A multi-dimensional deformation of the SM

3 ca/ /ng dimension

(v /£)?
scal /‘/?3 dimension deviations of Y/I%S

of 1%i9g51” 1> couplings From SM
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SM Higgs as a peculiar scalar. resonance
A single scalar degree of freedom with no charge under SU(2).xU(1)y

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

EEWSB—a—hTr (D.BtD Z)+b 1 (D,>1D,3)

‘a’ and 'b’ are arbitrary free couplings

o | growth cancelled for
H(ﬁﬁf A—i Sl a’ s” a=1

#0 V2 s —ms restoration of

i+

perturbative unitarity

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

————— 'a=1' & 'b=1" define the SM Higgs =———-——
ﬁmass Iy ’CEWSB can be rewritten as DuHTDuH

PR 0
S T At
Y= G e ( o )
Lh and 7 (ie WL andZ.) combine to form a linear representation of SU(2).xU(1)y

Higgs properties depend on a single unknown parameter (mu)
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Continuous interpolation between SM and TC

k. (weak scale)?

f?  (strong coupling scale)?

)
o*
.
A 3
.
A
.
*
.‘
*

SM limit

all resonances of strong sector, Higgs decouple from SM:

except the Higgs, decouplex",”’ vector resonances like in TC
................... Dilaton
........................... b b=(12
) T on - e
[ (] 1-- 7
Composu‘re nggs Lowen = (a g h +b i h2) e D2 DY)
VS. \
] Composite Higgs
Shhl&tiggs

| ,@ universal behavior for large f
a=1-v/2f b=1-2v/f

Christophe Grod'ean BeyO/?O/ Zhe Y//ﬁgS Copenﬁdgen, /4pr// 1%,



How to obtain a light composite Higgs?

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

to-Yuk
Jonim \pr'o om-l ;.leawar S 9,0
M @ Strong global 5 G
' BSM symmeftry / H residual
-~ Y O p global symmetry
3 scales: UV completion
47 f A10 Tev
: not directly
accessible to LC
m, = g,/ # usual resonances of the strong sector

‘ indirect
v = 246 GeV Higgs = light resonance of the strong sector probes

m p = mass of the resonances
m
0.

9p
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What distinguishes a composite Higgs?

co> Mo (1HD 8, (1HP) ¢y ~00)

i
Lo ")
R o UO
F2tr (0,UTORU) = |0, H|? + ji (8]}]\2) ]H\ OH | + \HT0H|
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Anomalous Higgs Couplings

2 2% o" (|H|?) 0, (IHI?)  eg ~ O(1)

2

)@ T % <1+6H;2> (O*h)2 +

2

Modified Higgs couplings v

. a2
Higgs propagator rescaled by \/1 tents 2f?

Christophe Grod'ean Bt‘_’—yO/?O/ Zhe Y/{iﬂS Copenﬁagen, Apri/ %)



SILH Effective Lagrangian

(strongly-interacting light Higgs)

@ extra Higgs leg: H/ f @ extra derivative: 9/m,,

‘ 2 \L6r i) o TG
Bk aa a "-.."'.‘."N.'.'u:..:idn'lri“;n&l]'éo'ub]'lrig"H;",‘)/Z -------------------------------------------- ;-;'.......-...‘.‘ ...................... I .oopsuppr.eSSeds-l-rgor-{g dynamlcs
‘; e C ...... .-::.-. r‘.'é.éh':‘:‘:} .é 3 é . .............................................. C. ........ ‘ -‘-'.'..g. ........... /;J. .................................................. }
VN }HTHBHVB/LV g P t HTHGCL Ga,,ul/
27 a2 28 2 |
ms; 167T g o m 1 67T g % .
S S e [ R i, LIFCHR R e Iy D WO L b e ); ....................................................

-
N,
“a
e
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EWPT constraints

2 2

- X 3 L removed
o 2 Cr— | < 2L
i @ e fZ‘ by custodial symmetry

Barbieri, Bellazzini, Rychkov, Varagnolo ‘07

g,T: alogmy + b

-

S.T =a((1—cyé)logmy + cylogA) +b

: A cav”/f*
e.ffec‘rlve meﬁ iy (_) S < ¥
Higgs mass mp,

LEPTL, for mi~115 GeV: LML = WO D>

modified Higgs couplings to matter

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



Flavor Constraints

Ci"H|2 — C;
(l - ]f2 >yz’jfLinRg (1 2}2) \/—
3¢ 02 Y ekt
+ il ) ey
mass terms / /<Y 21 V2 4

Higgs fermion interactions

mass and interaction matrices are not diagonalizable simultaneously
if cij are arbitrary

= FCNC

SILH: ¢y is flavor universal

=»> Minimal flavor violation built in
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Higgs anomalous couplings

Lagrangian in unitary gauge

m%{ my e 1212 i
£ ="LoiiEe ( (c6 — 3cu/2)R° + . —L ff(c, +cu/2)h — CHTWhW/fW_“ — CHTZhZMZ’“‘) — +.

2V i
f/\ f Wiﬁ'%w
gs M (1 i CH/Q)UQ/fQ) gs M (1 — ch2/f2)
N %4

L (kS f D= F (s p (2, - ) %/ )]

I (H=— 90 Qe b Tt e dl) <t [1 S RE e vz/fz]

Note: same Lorentz structure as in SM. Not true anymore if form factor ops. are included
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Higgs anomalous couplings for large v/f

The SILH Lagrangian is an expansion for small v/f
The 5D MCHM gives a completion for large v/f

1
My = Zg2f2sin22)/f =>  gwww =V1—-Eanww
Fermions embedded in spinorial of SO(5) Fermions embedded in 5+10 of SO(H)
mys = Msin2v/f

Ghffi= T 9hff

universal shift of the couplings

no modifications of BRs BRs now depends on v/f

(E=v/1")
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Higgs BRs

Fermions embedded in 5+10 of SO(5)

m,=180 GeV

Higgs BRs
o
8

Higgs BRs

0.00001
0

h—>WW can dominate BRs remain SM like except
even for low Higgs mass for very large values of v/f
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Higgs BRs and total width

Fermions embedded in 5+10 of SO(5)

mu [GeV]
slight modifications suppress bb suppress WW

Higgs total width

125 150 175 200 225 250 275 300
mu [GeV
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iE (h i ff)SILH =2 (h < by fﬂSM [1 = (20y -|—CH) 02/f2]

I'(h = 99)su =T (h — 99)sm [1 ZF

Higgs anomalous couplmgs @ LHC

observable @ LHC?

2.0

1.8
1.6
1.4

&
1.0
0.8

A (0BR)/(0 BR)

0.6
0.4

(2Cy oy UQ/fQ]

llllllllllllIlllll‘l'llll'lllllllil'lllll

ATLAS

/Ldt — 300 b~ !

o(VBF) BR(h—>17)
= == =« 0(VBF) BR(h—>yy)
o(h) BR(h—>yy)

........... o(tth) BR(h—> bb)

------ o(Zh) BR(h—>yy)

lllllllllllllllllllllllllllllllllllllllllllllll
110 115 120 125 1305 535" 140 JOREiES
myy (GeV) Duhrssen ‘03

Chris Z‘o/ﬁ/ze, GI‘OJeCZh

A(oBR)/(o BR)

0.5

O
)

S
U

¢ UQ/f —1/4
:_Cy °ff?=1/4

o(VBE) BR(h—>WW,Z7) +
---------- o(tth) BR(h—>yy)
- == a(h) BR(h—>bb)

=== o(VBF) BR(h—> 1) By

e =
0 l; l P el l L1l l  Futl T P ] l I
e 140 160 180 200
my¢ (GeV)
LHC can measure
& 2
2}2 U2

CHF) Cyﬁ

up to0 0.2-0.4
l.e.4nf ~ 5 — 7 TeV
. g
(ILC could go to few % ie

test composite Higgs up to 47 f ~ 30 TeV)
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Composite Higgs search @ LHC

Espinosa, Grojean, Muehlleitner '10

the modification of Higgs couplings and BRs affects the Higgs search

—%— qqH, H-WW—hjj —a&— H—ZZ—4l MCHMS5
50 Qe HoWW—212y o 4 qqH, H>tt—l+ CMS
e J | arge —8— H—yy 30fb™!
M : compositeness scale

—%— qgH, H-WW-—ljj —a— H—ZZ—4l SM
a0 HoWW—2[2y e *- qqH, H>tt—I+ CMS

signal significance
' for L=30/fb" ‘

—w»— qgH, H>WW—lvjj —a— H—ZZ—4l MCHME |

Qe HSWW—212y o Ko qgH, Hotr—is  OVo

—8— Hoyy 30fb™
£=0.8

S——

small
compositeness scale

200
M, [GeV
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Composite Higgs search @ LHC

the modification of Higgs couplings and BRs affects the Higgs search

H - WW S22y
MCHMS

. contour lines of

signal significance  IEEEERETINNTRT
for L=30/fb

in the (¢,MnH) plane

H — ZZ - 2121
MCHM5

H < WW <y
MCHMS

(neglect effects from heavy resonances)

140 160 180 20 140 160 180 200
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Composite Higgs search @ LHC

Tevatron

Tevatron

180 200
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Strong WW scattering

co> Mo (1HD 8, (1HP) ¢y ~00)

e :
H:( ;ih )|§> L= % (1—|—CH%> (D)
HiggAst\:crj'LfPizga‘ror' i Hir?egsscccxr:j ll:i:/gs \/ 1 +1c H;ﬁ—i Ll CH% S &
.................... W}%W(lgwgsnoexad?anée”dﬁbn_.
e M2, of the growing amplitudes

[
uns
aun®
muns
-----
-----
------------
............
--------------
----------------
..................
------------------------------------------------------------
--------------------------------------
----------------------------------------

Even with a light Higgs, growing amplitudes (at least up tom )
A(WEWE — WEWE) = A(s,t,u)66 + A(t, 5,u)6%°6% + A(u, t, s)§46%

S
ALer(8,t,u) = 2 q
LET=SM-Higgs
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Strong WW scattering @ LHC

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

A(ZL2) — WEWE) = A(WEWE — Z028) = —A(WEWE — WEWE) = 52
t b = +it
A(W*Z) 2 W*2)) = =5, AWEW, - WiWg) = CH(; )

A(Z220 = 2929) = 0

E o(pp — VpViX), = & o (pp — ViVeX) et
q \

LET(( =1) SM bckg
4.5 2.1
leptonic vector decay channels 15.0 36
forward jet-tag, back-to-back lepton, central jet-veto 9.6 14.7
39 EET >
=0 The

Christophe Grod'ean BeyO/?O/ Zhe Y//ﬁgS Copenﬁdgen, Apri/ 1%,



Strong Higgs production: (3L+jets) analysis

Contino, Grojean, Moretti, Piccinini, Rattazzi 10

strong boson scattering & strong Higgs production

A(Z229 — hh) = A(WFW; — hh) = %
myp = 180 GeV

fermions in spinorial
cH=1

Dominant backgrounds: Wil4j, ttW2j, tt2W(j), 3W4;...

forward jet-tag, back-to-back lepton, central jet-veto

wer 1 R < iy /A5
significance (300 fb=1) | 4.0 | 29 | 1.3 | .
luminosity for 5o 450 | 850 | 3500 = good motivation to SLHC

C/}/‘/SZ‘O//M Grod'ean BeyO/?O/ ZA e Y/’ﬂﬂ‘s Copenﬁdgen, /4/1‘/‘/ \10




Goncl B0

EW interactions need Goldstone bosons to provide mass to W, Z
by il ) U Y 4

EW interactions also need a UV moderator/new physics
to unitarize WW scattering amplitude

We'll need another Gargamelle experiment

to discover the still missing neutral current of the SM: the Higgs
weak NC < gauge principle
Higgs NC < ?

LHC is prepared to discover the "Higgs" ~ e
collaboration EXP-TH is important to make sure
e.g. that no unexpected physics (unparticle, hidden valleys) is missed (triggers, cuts...)

mn
----
pun®
asun®
------
unn®
ann?®
an
a®
as
g B

Should not forget that the LHC will be a (quark) Top machine
and there are many reasons to believe that the top is an important agent of the Fermi scale
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; 7776 >//1ﬁ95 mel Acrn S» 1S Ja s a reincarnalion of
the Communist Pardy: it controls the masses”

attributed to Lenin by L. Alvarez-Gaumé
(according to G. Giudice)



