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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?

_________________ Q
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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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Strongly coupled models
Lz a technical challenge: how to evade EW precision data ;

‘_‘_.M

The resonance that unitarizes the WW scattering amplitudes

W- W W ¥
i + o0 o0
P
wt wt W+ W+

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

Vs NAARANN & 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

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 ‘O3

UV brane
Z = Ruv ~ l/N\PI

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

2\ 2
ds® = (;> (7.0 detdz? < dz?)
g-LXSU(2)p q= BIR 1016 Gev
Ryv

La ¥ Dr 75 ity
ALa _ pRa_ g
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
o= g e~

/ 2 Sk /Qv‘ ,a( \h’x
‘ (ll hT |'|'\Od€'\~ » M2 95 N 29 Jhe s g
\ x?s,,,;' log(Rrr/R 2 R2plog(Rir/Ruv))
N g Riplog(Rir/Ruv) 95 Tk’ irlog(Rir/Ruv)
log suppress:on \_V\S“"’/

cst of order umty \

\
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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
A(Q)_ & bl 2 3 2 Mk facefbde e fabefcde
:“ ::_ [ Innnn — gnnkw 89/2
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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 integrals of the wavefunctions

/ bt a0
}‘*f :

\\ta—_;

Rr

gmnpq ki g5D fm( ) gmnp - 95D
2 RUV RUV //
\% b e \ ,

Rdz—fm( ) )

T

@ E* Sum Rule

— -

; 5 3 Rrr R i : Rrr R Rrr 2
7 Ryv c Ruv %

Ruv 3 /
S L@ () = 6z~ 2)
k

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

WZ elastic cross section

~\
S
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O (WZ— WZ) (b
3

102 .
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PPN PRI PPN P Y PO o | e,

200 300

VBF (LO) dominates over DY since
couplings of q fo W' are reduced

C%@s‘?{/}%é’/ gm/ﬂm/

500 700 1000

|

{ 550 GeV — 10 fb~ !
e — 60 th

2 5
gwwzM7z oM,
gww'z < LW — WZ) ~ 14452 M2
' e M \/§MW/MW Swityy
¢ a narrow and light resonance
2 ' :
| W' production
1 _ e SRS TSR, discovery reach
Z gqsless Luminosity: T
i T s SRR e eric
: see | (10 events)
¥ 07 = 2.0 <|}7|<4.5 4
S 1 <25 -
S
i
=

(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!
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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 =B 106 Gev
Ryv

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

warped dual to composite Higgs model

SO(4) * "EMI]E {Adle 50(5)/50(4)

llllll
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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-
iy 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?

gswm

:;’gp := coupling of the s‘rrong sector or decay cst of strong sector | =

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

proto-Yukawa
R ... G Y
; 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
L

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 © O 0O

gauge bosons self-couplings

* a likely possibility that precision data seems to point to,
at least in strongly coupled models

C£;¢7’774" Crrojean From Higgsless to Composite Higgs 55%*@/// A/r/ 30° 20058



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 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

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,

.
-
?

.~" 2‘:
‘ Cy M G s y
’72; 160 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

V<2 x 107 removed
2 by custodial symmetry

Barbieri, Bellazzini, Rychkov, Varagnolo ‘07

S’,T = alogmy + b
modified Higgs couplings to matter

S.T=a ((1 = cgv?/f?) logmp + cgv?/f? log A) + b

! A CEL USRI
effective i & <_> SE < ¥
Higgs mass

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



Flavor Constraints

o Cig| L . Cijv?
(1 2 f2 >yijfLinRj (1 2f2 \/’ L’iij
4 ) ~hfLifRj
mass terms / /<Y 23 V2 :

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

2 2 2
Jan== »CSM = ( mH( Cq —BCH/2>h3 fff(Cy —|—CH/2) —CH—hW+W i —CH—ZhZ Z’u) T P
U

2v o
. h =0
f/\f W*/\W‘
gsm (1 — (Cy -+ CH/Q)UZ/f2) gsM (1 — CHvz/fz)

P(h_>ff>SILH (hﬁff)SM[ (2¢y + cu) v/ f7]

N gg)SILH = (h — QQ)SM [1 =(e, Sl UZ/fQ}
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T(h— f)epnp =Lt [1=(2e + vl

Higgs anomalous couplings

['(h— 99)gun =T (h— g9)sy [1 — (2¢y + c) v?/ f?]

observable @ LHC?
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ATLAS
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— — —. 6(VBE) BRIi—>y))
o(h) BR(h—>yy)
o(tth) BR(h—> bb)
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o(VBF) BR(h—>11)
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140
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A(0BR)/(c BR)

1:0

Q.5

S
Q

S
O

=40 "R

: I | | | | | | | | I | | | | | | | I | | | | | | I | | | | | | | | ’
e ol = o(VBE) BR(h—>WWZZ) -
TR ML s (tth) BR(h—>yy) -
BN =L < oth) BROi—> b))
o - o(VBEF) BR(h—> 11) 5
| L | |
120 140 160 180 200
myy (GeV)
_HC can measure
s 2 T

v v
CHF? Cyﬁ

up to 20-40%

!

(composite scale 5-7 TeV)

(ILC could go to few % ie

test composite Higgs up to 47 f ~ 30 TeV)
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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

= —g 2 PRsin g f = gaww =V 1-¢ ghWW

Fermions embedded in spinorial of SO(5) Fermions embedded in 5+10 of SO(H)
mys = Msinv/ f ms = Msin2v/f
J y
Ghfr =W/ 8 gt \1/% hts

universal shift of the couplings

no modifications of BRs BRs now depends on v/f
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Higgs BRs

Fermions embedded in 5+10 of SO(5)

BRs

mu = 120 GeV
ww

mH = 180 GeV

h—>WW can dominate BRs remain SM like
even for low Higgs mass for large value of v/f

Cﬁﬁ”/“% Crrojean From Higgsless to Composite Higgs 55%5@/7/ A/rz/ S0 2008



Strong W scattering

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

. CHS

A(ZY2) — WEWE) = AWSW, — Z§20) = —A(WEWE — WEW) = S
t 5 =i b
A(WiZ([)/HWiZL) :CfiQ’ A(Wl—)i_WL —>W2_WL) e CH(;2 )

VRVAYAR=IAYANEN

?J2 ;
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
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
d 4[5 :
wh, signal: @ hh — bbbb
q_W “h ® hh — 4W — 30:3v+jets

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

' 1 )
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Strong Higgs production
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Dominant backgrounds

A tI2W — bbAW — 31312027 o =3.5fb Cuts on

@ tiW?2j — bb3W?2j — 3I3v2b2j o =1.9 fb M;; > 400 GeV
@ tIW1j — bb3W2j — 31302b15 o = 3.1 fb &

@ WZ45 — 3l1vdj o = 40 fb | 77 | max>2

~ 10 events for signal and ~ 3 events for background
(@300 fb)
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(Gauge boson self-couplings
Ly = —igcos Owgi 7" (WHW,, — WYW ], )—ig (cos Owikg Z"” + sin Oy iy AHY) WIW,,

TGC are sensitive to the form factor operators

2 2 2

AR My (Yo Z 2

g7 = —5Cw  ky=—5 ( (caw +cap) Kz =g; —tan” Ok,
ms my \4m

ITive to resonance
; i ke UL sensi
@ LHC 100fb™* g5 AL up to mpy~800 GeV

not competitive with the measure of S at LEPIT
@ ILC

1@k

Kz

sensitive to resonance
up to mp"’8T€V

RO

10*E

LC LC

101

LHC LC
500 1000 1500
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Goncl B0

EW interactions need a UV moderator
to unitarize WW scattering amplitude

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.

LHC and ILC are complementary in the exploration
of the TeV scale population
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