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Main Question for the LHC

What is the mechanism of EW symmetry breaking?
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Main Question for the LHC

What is the mechanism of EW symmetry breaking?

what we usually mean by that question is really

what is canceling these infamous diagrams?
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supersymmetry, gauge-Higgs, Little Higgs
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Main Question for the LHC

What is the mechanism of EW symmetry breaking?

what we usually mean by that question is really

what is canceling these infamous diagrams?

i R o, BT . S

dEkie ] : d*k iy 2
/ (27m)4 k2 — m?2 oc A / (27T)4 (k2 g m2)2 oc A

supersymmetry, gauge-Higgs, Little Higgs

But this is assuming that we already know the answer to
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Main Question for the LHC

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

s <|IZ| E k ) i W W. & Z. part of EWSB sector
M™ M |k (we have already discovered

7\ 2 75% of the Higgs doubletl!)

Ais 92 ( ) > WW scattering is a probe
My wt w+ of Higgs sector interactions

L

QO

4
Higgs
pro’roType Susy pr'o’ro’rype. Technlcolor
susy partners ~ 100 GeV 5 rho meson ~ 1 TeV
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Back to "Technicolor” from Xdims

"AdS/CFT" correspondence for model-builder

D+ >

h— h-+a

pseudo-Goldstone of a strong force

- o

KK modes vector resonances (o mesons in QCD)
motion along 5th dim ' RG flow
UV brane UV cutoff

IR brane break. of conformal inv.
bulk local sym. global sym.

Advantages
@ weakly coupled description 2 calculable models

@ new approach to fermion embedding and flavor problem
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Warped Higgsless Model

Csaki, Grojean, Pilo, Terning ‘03

UV brane
Z = Ruv ~ 1/N\PI

IR brane

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

2
dss = (E> (nwd:v“dx” — dz2)

Z

U(I)B L

SU(2).x a1XSU(2)5 e SR R

Ryv
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Warped Higgsless Model

Csaki, Grojean, Pilo, Terning ‘03

UV brane
Z = Ruv ~ 1/N\PI

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

R\ 2
dss = (;) (nwdx“da:” — sz)
B- LXSU(Z)D 0= Frr ~ 10'% GeV
Ryv

ALe — ARa _
85(14’5’0’ —|—A§”a) =90

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

AT =
v’
géB —95AR3
05 (g5 B, ‘|‘95AR3)
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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

R\ 2
dss = (;) (nuydaz“dw” — dz2)
g LXSU(2)p = BIR 1016 qey
Ryv

ALe — ARa _
85(14’50’ —|—A5a) =90

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

AE =l
95B 47 § 95AR3
a5 95B i 95AR3

BCs kill all As massless modes: no 4D scalar mode in the spectrum
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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® = (;) (nwdx“’d:v” — dz2)
3. LXSU(2)p Q= 2R 1018 Gev
Ryv

La ¥ Dr 75 ity
ALa _ pRa_ g
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U(I)B L
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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
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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’ —|—Aﬁa) =90

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

AE =l
95B 47 § 95AR3

BCs kill all A5 massless modes no 4D scalar mode in the spectrum
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Unitarization of (Elastic) Scattering Amplitude

Same KK mode (m Ep )

'in"and 'out’ €1 =
i : 4 2
A ={ AT P A @R e
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Unitarization of (Elastic) Scattering Amplitude

Same KK mode 5| Ep
inand 'out’ 1L T (Afjﬂl‘ﬁ{>

4 o 2
:.u- un -'.."‘ E :“" ".“‘ E
@A@f(—M) *5‘4(2"?"5(_M> +>

: n n ;
. n n n it :
|
' [
| g mnn k :
I 2 |
| Innnn Innk : Jnnk k i
|
: g nnk |
' |
: n n n T, :
| n n :
|
| contact interaction s channel exchange |
< t channel exchange :
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Unitarization of (Elastic) Scattering Amplitude

Same KK mode 5| E§
inand 'out’ 1L T (Afjﬂl‘ﬁ{>

N 5
GG (E) a®(£) 2>

¢ . o > % :
n n n I :

: Innk dnnk E
Innnn Innk Jnnk k i

k |

Innk Innk :

n i n T :

z n n

contact interaction s channel exchange

P — e e =, — e e e =

t channel exchange u channel exchange

_________________
________________________________________________________________

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

k

C%AJ[@% gny/'am/ SILH AJf/Te/z/ ]zz/wm/ 759 2008



Unitarization of (Elastic) Scattering Amplitude

Same KK mode 5| E§
inand 'out’ 1L T (Afjﬂf‘ﬁi>

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

/ 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

. M2 it . gy s
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KK Sum Rules

A)5 il 2 M;
AW g2 . — Z Innk AP o 492, — 3 ngmk ﬁg

In a KK theory, the effective couplings are given by overlap integrals of the wavefunctions

/f;ﬁii \ ; bt a0

RIR \\\\ -
gmnpq _95D o fm( ) n(2) fp(2) fq(2) ) /anp ZQSD/R dzzfm(Z)fn(z)fp(z)j

Completness of KK modes
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KK Sum Rules

A)5 il 2 M;
AW g2 . — Z Innk AP o 492, — 3 ngmk ﬁg

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

RIR
gmnpq o g5D fm fn f < fq Z)

) ol
xe RUV ,

T

® E* Sum Rule _ -
= e

Completness of KK modes
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KK Sum Rules
AW et Z gy AP oc 462 — 3 Zgink%

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

E W D5 AN

o dzﬁfm(z)fn(z)fp(z) j

gmnpq v g5D fm ) gmnp T g5D ;'
2l RUV Ruv /
\\ By | \ A /

® E* Sum Rule _ -
= e

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

Z i (2 =0(z — 2')

CompleTness of KK modes
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KK Sum Rules

A)5 il 2 M;
AW g2 . — Z Innk AP o 492, — 3 ngmk ﬁg

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

}i ' 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 R ,

——

® E* Sum Rule _ -
= e

Rrr R
i Zgink = ggD/ dzgfi(z) — ggD/ 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

Z elastic cross section M2 M3,
W gww'z < e D(W — WZ)~ — > 12
DN N ] [ g [P TR T d ML T o T ARG [T SRR =AU \/§MW/ MW 1448wMW

720 4 i .
§ @ ” #o a narrow and light resonance
[\
Y O | A Wl S S T e D DR RS T G T i T e
T 703 )
N
S &
b SM

702 PSRPRPRIPRN COCCIAN .o/ WA § A POP Iv, o i, e (o | MR A

200 300 500 700 1000 2000 3000 5000
s172 (GgeV)

.
)
auns
-----
------
---------
-------------------------------------------------------------------------
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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 gww z M2 ; aM3,,
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 .
R biggelos ; 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 SN 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 £‘>3000&V
200 300 500 700 1000 2000 3000 5000 / i
N prj>30Ge | (10 events)
S 7ol 20 <yl< 25 g
S e <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

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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Minimal Composite Higgs Model

Agashe, Contino, Pomaral-‘04

IR brane

B-L P 9
dsoies (;) (nﬂyda:‘“dx” = dz2)
(DxUDeL 0= 4R L1016 Gey
Ryv

Z = RIR ~1/TeV

UV brane
(5)xU(1)

SU(2).x

Zz = Ryv ~ 1/Mp|

warped dual to composite Higgs model

S0O(5)/S0O(4)
contains a doublet

/Lﬁ% jMW/ 759 2008



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

L . Ww-
- W W W
Higgs
-— --?2.7. + + o000
= i p
i W+ W+ W+

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. S, 062 2
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How to obtain a light composite Higgs?

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

JsMm £rofogZ;:awa( — 9,0
SM @ Strong global G
: BsMm symmetry /H . residual
) " O e J global symmetry
UV completion
Ar f #10 TeV

my, — gpf 7 usual resonances of the strong sector

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

m p = mass of the resonances
m
L

9p
C. %z‘ 6/{/74/ g/(}//w{/z SILH /4&/%/[ /z[/md// 70 i, dos

:;’gp := coupling of the s‘rrong sector or decay cst of strong sector | =
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S0O(5)/S0(4) model

SM Higgs: a SO(4) global symmetry.
Higgs=Goldstone => need to extend the symmetry, e.g. SO(5)

¢ =5 of SO(5) with the constraint | ¢ |2=f2

weakly gauge SU(2).xU(1)y of SO(4)CSO(D)

b=(0,05) G +¢2=]
the dynamics will determine the alignement of the two SO(4)
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S0O(5)/S0(4) model

SM Higgs: a SO(4) global symmetry.
Higgs=Goldstone => need to extend the symmetry, e.g. SO(5)

¢ =5 of SO(5) with the constraint | ¢ |°=f2

weakly gauge SU(2).xU(1)y of SO(4)CSO(D)

b=(0,05) G +¢2=]
the dynamics will determine the alignement of the two SO(4)

A SO(DB) breaking potential is generated,
e.g., by m’rerachon wu’rh gauge bosons or quarks and leptons

---------------------------------------------------------------
(52

V= f5(¢ —f) Af?¢? + Bf3¢s

~ SO(D) inv. Most general .
~...,,,..POT€nTi§l‘!‘," sofT breaking potential d|m<2

o
---------------------------------------------------------------
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S0O(5)/S0(4) model

SM Higgs: a SO(4) global symmetry.
Higgs=Goldstone => need to extend the symmetry, e.g. SO(5)

¢ =5 of SO(5) with the constraint | ¢ |°=f2

weakly gauge SU(2).xU(1)y of SO(4)CSO(D)

b=(0,05) G +¢2=]
the dynamics will determine the alignement of the two SO(4)

A SO(DB) breaking potential is generated,
e.g., by m’rerachon wu’rh gauge bosons or quarks and leptons

---------------------------------------------------------------
(52

V= f5(¢ —f) Af?¢? + Bf3¢s

~ SO(D) inv. Most general .
~...,,,..POT€nTi§l‘!‘," sofT breaking potential d|m<2

o
---------------------------------------------------------------

B

U2:<¢2> i (1—ﬂ
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v/f determines
by the dynamics




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 © O 0O

gauge bosons self-couplings

* a likely possibility that precision data seems to point to,
at least in strongly coupled models
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Testing the composite nature of the Higgs?

W = i
if LHC sees a Higgs and nothing else*

' -
- it |

@ 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 o .‘0\\4
@ strong WW scattering ?0“\0(‘0\
@ strong HH production P\\@( (\560\’
. ¢e? x\nJ
@ gauge bosons self-couplings o)

* 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?)  eg ~ O(1)

U:;( o H/f )

F2tr (0,UTORU) = |0, H|? + ji (8\H!2) ]H\ OH | + \HWH‘

Uo
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What distinguishes a composite Higgs?

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

0 1 v
H = v — === h)? g,
(VB;L)@ﬁ 2<1+cﬂfz>(8 h)° +
Modified Higgs couplings 1 Al CHU_Q
Higgs propagator % rescaled by \/ i) CH}):—z 2f°
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. i S.
WhCl| diSliﬂQUiShZS a cornposnle H gg
2 Y ]_
LD Cf 0" (‘H‘Q) 8# (|H| ) cag ~ O(1)
( iﬁﬁl(ljtc;;;z)(a“h)%...
H= Sh g

U
1 2
: :
Higgs couplings \/1 e
MOdiflzsaTor 2 rescaled by
Higgs prop

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

Tanwary 159 2008
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What distinguishes a composite Higgs?

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

0 1 V2
H =0 48 = — —— | HE)2
( ) >®£ - <1+0Hf2> (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

unitarity restored by heavy resonances
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What distinguishes a composite Higgs?

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

1 2
®£:§(1—|—0H%> (8“h)2—|—...

Modified Higgs couplings 1 il CHU_2
Higgs propagator ™ rescaled by J1+ent 2f*
_______________ R ey 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

LT
LT
Tumg
"aa

unitarity 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,

’ Genuine strong operators (sensitive to the scale f)

orm ractor OPZPGTOI"S (sen;Tive to the scale my) }

;.
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SILH Effective Lagrangian

(strongly-interacting light Higgs)

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

orm ractor OPZPGTOI"S (sen;Tive to the scale my) }

D e ———————
(/)L topne y/ (7/,’4/[/ SILH Aﬁﬁ/[//l[ﬂl[ﬂ// N3 a/s(/(/(/}




SILH Effective Lagrangian

(strongly-interacting light Higgs)

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

.
L] - -
* . o v * Q p 52
T T L T T T T T T T P T T T T PP T T T T P PP PP PP LT PE PP PP PP
..lll“
)
..... ALy
................................................................................................ ‘..-..---...-...,t... ........-..........................-...........
.0‘ Y 2 " : 2“ A :' 0
'] & \J L] . - a
= D * a » =
¢ . 5 i 2 - . y
| : : | ; HTHGCL Ga‘ V '
2 7-‘- ;
m gp '

s o : ernnnnne i .'-.'-.'-.'- ------- Pi o et B L ) Tl N e ¢
~ Goldstone sym. ..o

(/)L topne y/ (7/,’4/[/ SILH Aﬁﬁ/[//l[ﬂl[ﬂ// i< (L LO



Coset Structure

( H/f )
e Us
F2tr (0,UTORU) = |0, H|? + % (8\H|2)2 - %]H\Q OH|* + % |HT8H\2

1

can be removed by field redefinition
H — H+{|HI?H/f*

S0O(5)/S0O(4): cu=1/2, ct=0 SU(3)/SU(2)xU(1): ch=cT=1/36

AH|* — %MH!G yfrLHfr — %Q\HIQfLHfR

Ce and cy receive contributions both from
the o-model structure and from the resonance at m,
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EWPT constraints

72 2 E> er ] <2107 removed
f

by custodial symmetry

Y o R

A

Sie= (CW —I—CB
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EWPT constraints

v < 2% 1078 removed

i by custodial symmetry

Barbieri, Bellazzini, Rychkov, Varagnolo ‘07

S’,Tz alogmy + b

8-

S.T =a((1—cyé)logmy + cylogA) +b

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

LEPTL, for my~115 GeV: LML = U D>

modified Higgs couplings to matter



Strong W scattering

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

E CH S

A(Z22% - Wiwg) = A(WEW, = Z2Z0RE AW, W, | = ;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 signhal-events and 10 background-events b|99€|" than
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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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Goncl B0

The LHC should tell us what is the mechanism of EWSB

Oblique corrections are a test of new physics

WW scattering (and Higgs anomalous couplings) should be able
to tell us if the EWSB sector is strongly or weakly coupled.
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