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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
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/ (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 & ZL part of EWSB sector @ W scattering is a probe of Higgs sector interactions

Ww- Ww-

L L 5
(k] E /2) 2( E >
e e A=9¢° | —
WL"' WL+

wt i
prototype: Susy prototype: Technicolor

susy partners ~ 100 GeV 5 rho meson ~ 1 TeV
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Expected from Technicolor

@ No new particles expected at LEP/Tevatron ‘/
@ Deviations (e.g. oblique corrections) from SM predictions X

The resonance that unitarizes the WW scattering amplitudes

W- W W at
¥ + o000
P
wt wt W+ W+

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

Vs NAARANN & S parameter of order 1.
£ Not seen at LEP
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Expected from Susy

SUSY has good assets: gauge unification, radiative EWSB, DM candidates...

@ No oblique corrections: R-parity @ one-loop effects only /

@ New particles around 100 GeV expected at LEP/Tevatron

2 Z 2 4
_msusyH i gWH O L7 o JALECE msusy

e 5

no susy partners seen at LEP

no light Higgs

allowed region ~ 1%

large regions of
parameter space
ruled out

motivation to look for
other models... NMSSM or
more adventurous ones
()&%/74 Grajean

scalan\mass?/ higgsino mass?

3

STLH

(MSSM, tan 8 =10, A=0)
S R 0 TARR TR

1 1 1 L | 1
0.4 0.6 0.8 1

gaugino mass?/ higgsino mass?
(M?/p?)
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Back to "Technicolor” from Xdims
AdS/CFT correspondence -

-

Os € h— h —+ a
pseudo-Goldstone of a strong force
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 @ calculable models

@ new approach to fermion embedding and flavor problem
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Unitarity with Composite Higgs
Technicolor: Wi 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 L W-
- W= W W
Higqs
-— --?‘?— + + o000
. HO p
W+
+ W+ W+

light Higgs
partial unitarization

heavy rho

unitarization halfway between weak and strong unitarizations!

@ # susy: ho haturalness pb © no need for new particles to cancel
A¢ divergences

@ # technicolor: heavier rho @ smaller oblique corrections; one

2 2
: A g“N v
tunable parameter: v/f. S, ~ o #

Céﬁ?{&% 9/‘(%’64/{/ SILH 5 Mé/&&f SJune 28° Z ey




How to obtain a light composite Higgs?

iggs=Pseudo-Goldstone boson of the strong sector

mHiggs:O Wheh QSM:O

Jsv g \meOC;Z;:awar T 9p
M @ Strong global | G
| BSM symme'l'r'y /H residual
\: Y 2 g, & » global symmetry
| example: S0(5)/S0(4),
UV completion 4APGR= bl U(2).=Hi
bl GB=Doublet of SU(2).=Higgs
M, = g,/ 7 usual resonances of the strong sector 6o SU(2).xU(l)y
v < f #£246 GeV H > U(1)er
Higgs = light resonance of the strong sector C) W & Z

m p = mass of the resonances
m
L

9p
C%J{&/ g/ {»//wz/z SILH ) m//ﬂﬁ Jurne 285 % 2 ador

gp := coupling of the s‘rrong sector or decay cst of strong sector [ =



Some examples

@ Georgi-Kaplan: no separation of scales g, = 4w, f = v
@ Holographic Higgs: m, = mkKk, 9, = 9k K

@ Little Higgs: My, gp masses and couplings of heavy top’, W', Z

might require some tuning to get, f>v (model dependent question)

... more details later
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How can we test
the composite nature of the Higgs?

if a light Higgs is seen at LHC, is there a way to figure out
whether it is part of a strong sector?

@ Model-dependent: production of resonances at m

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

What distinguishes a composite Higgs?

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

0 1 v?
H =0 48 = — —— | HE)2
( ) >®£ - <1+0Hf2> O T
Modified Higgs couplings 1 il CHU_2
Higgs propagator ™ rescaled by J1+ent 2f*
............... I e o e SR
i AN no exact cancellation
______ — _ |1 — - e i ; .
0 ( - f2> 32, of the growing amplitudes
i AR S o el e nd Gl e e

unitarization restored by heavy resonances

Strong W scattering below my ?
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SILH Effective Lagrangian

(strongly-interacting light Higgs)
2 rules to construct the effective Lagrangian
@ extra Higgs leq: H/ f @ extra derivative: 0/m,,
Genuine strong operators (sensitive to the scale f)

Form fC(CTOI" operaTors (sensitive to the scale my)
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SILH Effective Lagrangian

(strongly-interacting light Higgs)

2 rules to construct the effective Lagrangian

@ extra Higgs leq: H/ f @ extra derivative: 0/m,
Genuine s’rrong operators (sensitive to the scale f)

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

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

& *

P CH 2
372 G (HF)" 2L (HTD“H> ?}gf|H|2fLHfR+hc b
B cus’rodlal breaking ;i £

* .
..................................................................................................................

Form factor operators (sensitive to the scale my)

. - e
----------------------------------------------------------------------------------------------------------
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SILH Effective Lagrangian

(strongly-interacting light Higgs)

2 rules to construct the effective Lagrangian

@ extra Higgs leq: H/ f @ extra derivative: 0/m,
Genuine s’rrong operators (sensitive to the scale f)

.................................................................................................................
*

-----------------------------------------------------------------------------------------------------------
&2 % Q

CH 2 2] . Y  Ce A .
ﬁ (au (|H‘ )) (HTD“H) ?}2f|H|2fLHfR—|-hC ;2 \H\6§
CUS*oda'b"eak"Q .....................................................................................................................
Form factor operators (sensitive to the scale my)

Z;Wz (HT ZD“H) (D" W,,)* % (HTD“H) (6”B,..)

P gt jide Sy o I e Nt 3 S o o

,[/ C HW g 2 ............................................................................ ZCHB‘QZ., ...............................................................

ST DY HYW* P (DFH)"(D"H)B,,

m% "'-\"16772\,(“ ) ( ) i m% "-167?2( ) ( ) i

mnmalcouplngh—>’yZ B | '65'5"5665?&555&'§'¥F6'ﬁg Ao

R LRy e e e e e e L E R E L E L EE e L LT EEEE L EELELE TN

yt HTHG“ Ga“”
m2 167T gp :

e,
“a
e
.
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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‘HPJFLHJBR

Ce and ¢y 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

e R

A

Sie= (CW —I—CB
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EWPT constraints

,02

| <2x 107 removed
2 by custodial symmetry

Barbieri, Bellazzini, Rychkov, Varagnolo ‘07

S’,Tz alogmy + b

8-

modified Higgs couplings to matter

S,T = a((1 - cyé)logmy, + cuélog A) + b £= v/
¥ CHg
effective - 2 A
Higgs mass e (mh> s



EWPT constraints

v < 2% 108 removed

i by custodial symmetry

Barbieri, Bellazzini, Rychkov, Varagnolo ‘07

S’,Tz alogmy + b

8-

modified Higgs couplings to matter

S,T = a((1 - cyé)logmy, + cuélog A) + b £= v/

; A cH§
e.ffec‘rlve ool ( > 3o
Higgs mass




Other Operators

operators involving gauge fields only

~ 25 (DFW,, )H (D, W) — $8L7 (9B, )(8,B°") — 5242 (DHGu)*(D,G*)°

p)
2g, M5 9p 2gp

c
4+ csw g’ EzngZ ngwkpu+ 3993 fa he auGngcp,u

1672 m2 1672 m2

contribute to the oblique corrections

gzmQ g’2m2
1%,% 1%.%

W = cow 5 Y =cop 5 5
gpm gpmp

weaker constraints than S...
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Flavor Constraints

¢y is flavor universal

Minimal flavor violation built in
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Higgs anomalous couplings

T(h— f)epnp =Lt [1=(2e + cului i

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

observable @ LHC?

2.0

1.8
1.6
e
1.7
I.@
0.8

A (6BR)/( BR)

0.6
0.4

0.2
0.0

IIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIII

: o(VBE) BR(h—> 1)
— — —- o(VBE) BR(h—>yy)

A TLAS s g%ﬁz?{hﬁ%

/Edt — 300 b1

.......... O'(Zh) B]{'(h—b }/‘y)

I]II]IIlIIIlIIIIIIIIIlIlIIIIIIIlIIIIIIlIIIII

110 115 120 125 130 135 140 145 150 ie test composite Higgs up to 4rf ~ 30 TeV)

myy (GeV)

C%&@% gm ean SILH

A(cBR)/(0 BR)

130

925

S
=)

S
U

-1.0

-l I I | | I | | | | | | I | | | | | | | g
B c i o G, (4 o(VBE) BR(h—>WW,ZZ) -
- e o(tth) BR(h—>yy) -
——— () BR(h—>bby)
. o(VBD) BRh—>1) ]
: I [ [ 1L 1 I [ 1 1 | | I [ ] 1 ] [ | I 1 [ 1 1 1 y
120 140 160 180 200
myy (GeV)
| HC can measure
4 5 T

U U
CHF) Cyﬁ

_up to 20-407%,
(composite scale 5-7 TeV)
(ILC could go to few %
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Higgs anomalous couplings

L (h— ff)snn = Dith SR IEE (D0 St e, )]
T(h>WW )y =T (h - WrWH =) [1 — el
Lk AN Z)pm= T (R>ZZ) = Ecy]
L'(h— 99)gnuu =T (h—g9)gm |1 —§ (2¢y +cu))

T'(h = ¥Y)sir =T (P = 77)gm [1 — & Re (iﬁ?}jﬁi i 1—|—;§{/J7>]
T (h —7Z a0 ) [1 — R (ffyj;rffz ST sinCQPéﬁzz;ZH—l‘f/JZ))}
A(L(h—ZZ))T (h—-WTW™)) =0
AT (h— ff)/T(h—WTW™)) = —2¢¢,
A (T (h—~7) /T (A= WEW ")) = =26c,/(1 + J, /L)

many systematics uncertainties drop out
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Strong W scattering

Even with a light Higgs, growing amplitudes (at least up to m )
A(Z2029 — WiWs) = AWFWy — 2929) = —A(WiEWE - wEws) = 2L

f2
AWEZE - WH28) = S, AWIW - Wiwp) =
A(Z}Z} — 72} Z3) =0
q
W
o (pp — VLVL/X)CH B (CHS)2 o (pp — VLVL/X)H
W

s : T D
LHC is sensitive to
leptonic and semileptonic b
vector decay channels @ CH 55
with 300 fb! , /
bigger than
(05 ~0.7
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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 “oh @ hh — 4W — Cltvvjets

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

' 1 )
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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 ( Yp 7 2
91 =5 5 R~ = 5 ( (CHW ol CHB) Kz = g1 — tan 9W/<3fy
ms ms A7

sensitive to resonance

up to my~800 GeV
not competitive with the measure of S at LEPIT

@ LHC 100fb! g7 ~1% Ky~ iz ~ 5%

@ ILC

1@

Kz

sensitive to resonance
up to mp"’8T€V

RO E

10 E

10°°

LC LC

LHC LC
500 1000 1500
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Direct vs. indirect signals

direct production of (TeV) resonances

W
L
? 2 6
! 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
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Usefulness of STLH effective theory

4TCf A
Ly [Fr———————
direct SILH
) )
LEP Aa® f..‘.’fﬁ?ﬁf..........(i.nsiir.e.e’.f...e..V.i.sie.!.\s..e. .....................

IR contributions to S and T

1 TeV

2 TeV 4 TeV

of strong interactions)

£=0.6

9p>4TC

>

Mp

halfway between model-dependent and blind operator analysis

@ dominant effects are associated from strong self-Higgs interactions

@ operator analysis: h — ¥y ¥y dominated by cy and not |H|QB?W loop-suppressed

Céﬁ?{&% 9/‘(} edn
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(Composite) Top Sector

could the right-handed top belong to the strong sector too?
iCR
i f
(composite left-handed top/bottom gives rise to
a too large mass difference of neutral B mesons)

CtYt

f2 ‘H|2§LﬁtR |

H'D, Htgy"tg S i

5 (tR7"tR) (FR V4t R)

Modified top-quark couplings to h and Z

~ il CA ]
e [ Rk
Jhitt SR EVCreE Tt 5
__2gsin20W { s 3 Sy
9Ztrtr — 3¢0s Oy 2 sin? 00 R

htt can be measured through gg — tth and h — ~~y
ILC accuracy with vs=800 GeV and L=1000fb™: 5%
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Minimal Composite Higgs Model

Agashe, Contino, Pomaral-‘04

UV brane

IR brane
(5)XU(1)B_L

2
dsoies (g) (nﬂydaz“dx” = dz2)

4)xU(1)sL Q= LR 1016 Gev
Ryv

SU(2)L

Z = Ryy ~ l/MPI’

Z=Rmr~1/TeV
warped dual to composite Higgs model

gf e

mw = —— Sl —;
2

f
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Littlest Higgs

Global symmetry SU(5)/SO(5)
Gauge symmetry SU(2).xSU(2)rxU(1)/SU(2)wxU(1)y
(14-3) PGB: 31,2172, 13

mass hot protected when gr>>gL SILH degrees of freedom

9R>>9L

cy=1/4 cp=—1/16

............. coset structure below the LH partner masses .

*
“

If gr~gL, ¢t =0 and cH= 5/16
but coset structure lost and large corrections of order gL/gR
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Little Higgs with Custodial Symmetry

Global symmetry SO(9)/S0O(5)xS0(4)
Gauge symmetry SU(2).xSU(2)rxSU(2)xU(1)/SU(2)wxU(1)y
(20-6) PGB: 31,30, 21/3, 1o

/ \
mass not protected when gr~gL >> g SILH degrees of freedom
........ S0(9)/50(5)xS0O(4) » SO(b)/ SO(4)"~~.,.....

gr™gL >> g
G e =)

.
TE
"
.....
. .
» .
» .
.......
..........
-----
.....
----------------
-------------------------
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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

W 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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