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Why have we built the LHC?

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

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

=> UV behavior of these Goldstone's? <

Christophe Grojean Com/?osfz‘e >/// qqs P/yysz‘cs @ Colliders 2 Bonn, 14" Nov. 20l



Why have we built the LHC?

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

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

=> UV behavior of these Goldstone's? <

A)/]ere are these GO/G/SZ‘one ‘5 COMI‘/?ﬁ £rorr?

Christophe Grojean Com/?osfz‘e >/// qqs P/yysz‘cs @ Colliders 2 Bonn, 14" Nov. 20l



Why have we built the LHC?

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

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

=> UV behavior of these Goldstone's? <
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O Are they fundamental scalar degrees of freedom?

=» require at least one additional degree of freedom (the Higgs bosonl)
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O Are they fundamental scalar degrees of freedom?
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O Are they composite fields? What are made of then?

=» require new strong interactions that are likely to produce other bound states

O Are they components of gauge fields in higher dimensions?

=» require new space dimensions

A wohich scale showl/d coe eXpeC/Z‘ lo See S omez(/’}/nﬁ 4
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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

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

=> UV behavior of these Goldstone's? <
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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

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

=> UV behavior of these Goldstone's? <

. 2 Y — 6iaa7ra/v
Lonee = mig WIWH™ 4 §mQZZMZ“ = Tr (D,X'D, %) Goldstone of
SU(2).xSU(2)=/SU(2)v
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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

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

= UV behavior of these Goldstone's? <
Y — 6iaa7ra/’u

1 Vv?
Lonee = mig WIWH™ 4 §mQZZMZ“ =T (D,X'D,%) Goldstone of
SU(2)LxSU(2)r/SU(2)v
pr— a ................... e a ............ a .................... a a ..........................
- Lonase = 5(%” )? — ) ((m0um®)? — (m*)* (8, 7)) +
contact interaction growing with energy

ﬂ_a 7_‘_(3

, A (m7" — mr?) = A(s, t,u)6"6 + A(t, s,u)6*°6"" + A(u,t,s)5%*5"
b N 7Td A(S, t, u) — ) Weinberg's LET
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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

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

= UV behavior of these Goldstone's? <
Y — 6iaa7ra/’u

1 Vv?
Lonee = mig WIWH™ 4 §mQZZMZ“ =T (D,X'D,%) Goldstone of
SU(2)LxSU(2)r/SU(2)v
pr— a ................... e a ............ a .................... a a ..........................
- Lonase = 5(%” )? — ) ((m0um®)? — (m*)* (8, 7)) +
contact interaction growing with energy

7_‘_CL 7_‘_(3

, A (m7" — mr?) = A(s, t,u)6"6 + A(t, s,u)6*°6"" + A(u,t,s)5%*5"
b N 7Td A(S, t, U) — ) Weinberg's LET

the behavior of this amplitude is not consistent above 47v (*1+3TeV)
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Beyond the Higgs: The hierarchy problem

need new degrees of freedom to cancel A¢ divergences

and ensure the stability of the weak scale
h w: Z top TR

¢¢¢¢¢

/ ‘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

L lower the UV scale

& large extra-dimensions
® 103 species

remove the Higgs
8 technicolor
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Holographic Models of EWSB

Original Randall-Sundrum proposal
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O problems with flavor
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Holographic Models of EWSB

Bulk gauge fields:
. _ Holographic technicolor=Higgsless:
Holographic composite Higgs:

or
Gauge breaking by
Nboundary condi
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6=5U(2).xSU(2)rxU(1)e-L O UV completion: log running of gauge couplings

G=SO(D)xU(1)x
G=SO(6)xU(1)x

W O O = = = g

O Custodial symmetry from bulk SU(2)r
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What is the SM Higgs?

A single scalar degree of freedom neutral under SU(2).xSU(2):/SU(2)v

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

2 2
v h h
Leowsn = ZTI (DMZTD,UJZ) (1 + ZCLU | va> — AlDLZ@DR <1 + C—)
_ a,'b' and 'c’ are arbitrary free couplings
W W’ growth cancelled for
5 1 ( a’s? > a=1
A=—[s— 5 .
h v s —mj restoration of
perturbative unitarity
w* w*

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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For a=1: perturbative unitarity in elastic channels WW — WW
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h h? h
Leowss = ZTI” (DMZTD,UJZ) (1 +2a— 4+ b ) — )\wLZ”gDR <1 + C;)

'a’, 'b" and 'c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a®: perturbative unitarity in inelastic channels WW — hh

For ac=1: perturbative unitarity in inelastic WW — ¢ ¢

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

L} 'C’EWSB can be rewritten as DMHTDMH 4}
1 . aa 0
H = _—¢0'™ /v
\ﬁe ( v+ h )

h and 7 (ie WL andZ_.) combine to form a linear representation of SU(2).xU(1)y
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What is a composite Higgs?

A o particle that combines with W and Z, to form a SU(2) doublet

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

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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What is a composite Higgs?

A o particle that combines with W and Z, to form a SU(2) doublet

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

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

3 .
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

deviations of Higgs couplings originate from higher dimensional operators

2 _ y )
(0u/H*)" |HP*$Hy |H|*B,,B" |H|*G,.,G"
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Anomalous Higgs Couplings

Lo 2%8“ (H2) 8, (|HI?)  en~o00)

Modified Higgs couplings 1 | . v 1 ¢/2
. Y _— H— — —_
Higgs propagator ~ rescaled by \/1 + CH?_E 2f?

-----------------------------------------------------------------------------------------------------------------------------------
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Deformation of the SM Higgs: current constraints

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Deformation of the SM Higgs: LHC constraints
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LHC is now a Higgs exploring machine
(and it has quickly surpassed Tevatron)
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Deformation of the SM Higgs: LHC constraints
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LHC is now a Higgs exploring machine
(and it has quickly surpassed Tevatron)
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(LightCompositeHiges) LCH@LHC

the SM exclusion bounds are easily rescaled in the (mn,a) plane

E4 MCHMs  c=(2a?-1)/a

“ca MCHM,

MCHM4 | |

| L y E
- SM limits 1, 4 WA

LHC is now a Higgs exploring machine
(and it has quickly surpassed Tevatron)
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LCH@LHC

the SM exclusion bounds are easily rescaled in the (mn,a) plane

c.a  MCHM, | B MCHMs _ c=(2a*1)/a

MCHM4

‘_ 0.8 [
. EWson

o~ 0.6
9
s ~ 0.4
0.2 | 0.2 [
: B - SM limits >

~ Be careful

O rescaling combination z combination of the rescaled channels
(can be particularly important far away from SM)

O effeciency of the cuts may also depends on &
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Deformation of the SM Higgs: EW constraints

The parameter 'a’ controls the size of the q ¢ ‘a

one-loop IR contribution to the AAAAVAVAVAVAVAVAVAAVAVAVAY
LEP precision observables

€1,3 = c1,3log(my/p’) — c13a% log(mi /u?) —c13 (1 —a?) log(mi/;ﬂ) + finite terms

— —=

| 0.01——

3 alm | 0.009] i
€1 =+t (2 2) | |
1674 cos® Oy 2 oos!
C3 = — L _a(mz) 0.007
127 4 sin? Oy . |
€1 0.006] {
5 5 5 l | (SM) I
Aer3=—c13(l—a )log(mp/mh) 0.005/ -
| 0.004 g .
| . \ |
0.003| .a=10 (TC) |
T 0.0030.0040.0050.0060.0070.008 |
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How to obtain a light composite Higgs?

Higgs=Pseudo-Goldstone boson of the strong sector

proto-Yukawa MHiggs=0 when gsu=0

auge [ N\ 9p
. @ Strong global | G
BSM symmetry /H residual

gs/v\/gp 9 Y global symmetry
2-s§ales g’rrong UV completion Coset broken by SM couplings
yhamics = Hi '
=» Higgs potential
47f A 10 Tev

v/£20.2+-0.3 generated dynamically

(might require mild-tuning in explicit models)

mp =gpf

Higgs = light resonance
246 6eV  of the strong sector

[

llll
llllllllll

LR

mp = mass of the resonances

gp := coupling of the sTr'ong sector or decay cst of strong sector f=m,/qg,
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Higgs as a PGB: a natural extension of SM

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

One solution to the hierarchy pb: :
nggs ‘rransfor'ms hon- Imear'ly under some global symmetry :

K N
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Examples:so(5)/50(4): 4 P6Bs=W+, Zi, h
Minimal Composite Higgs Model

S0O(6)/50(b): 5 PGBs=H, a
() ) T—L Next MCHM
SU(4)/5p(4,C). 5 PGBs=H, s

Minimal Composite
SO(6)/S50(4)xS0O(2): 8 PGBs=H1+H> T Two Higgs Doublets
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Continuous interpolation between SM and TC

v (weak scale)?

§

- 2 (strong coupling scale)?

.....
L.
nmy
"y
LI
.......
gy
uy
Ny
uy
Ny
Ny
a,y
ay
n
Ty

®
.
.
.
.
.
.
*
*
‘0
*

SM limit

all resonances of strong sector, Higgs decouple from SM:

except the Higgs, decouple‘ ““““ vector resonances like in TC
.................... Dilaton
....................... h) b=a’
) s T—
1_.
. . v 1
Composite Higgs Lowss = (a Sh +b7 h2> Tr (D,X'D,%)

VS. : .

. Composite Higgs

SM Higgs : ,@ universal behavior for large f
- a=1-v3/2f2 b=1-2v?/f?

1
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SILH Effective Lagrangian

(strongly-interacting light Higgs)

® extra Higgs leg: H/ f ® extra derivative: 0/m,
: l____Q_g_qy_y_ng___gjg_png operators (sensitive to the scale f)
CH 2\? i cr <y N2 E YF | 1712 Co A\
- gp (0EP) g (a'Dha) S| FuH fa+ e, [
L R | hustodlpreaking G T
n Form factor operators (sensitive to the scale m,)
‘ ZCW R Y] U ) ‘ ZCB ( .‘. [ ) I/ |
2m2 (HUD H)(D W)’ om? H'D"H ) (0" B,
....................... ,J:ZZ:Z:Z'.:Z'.'.Z'.'.Z'.'.'.'.'.'.'.'.'.'.'.'.Z'.'.Z'.'.ZZ'.ZZ'.'.'.'.'.'.'.'.'.'.'.'.'.Z'.'.ZZ'.ZZ’.IIIIIIIIZII" 2
ZCHW gp ICHBi Yp °
DVMH DY HYW* DFH)Y(DYH)B
m?) 167’(’ ( ) ( ) 2% m{% ""‘167'('2( ) ( ) ,ul/‘
"""""""""""" "wm|n|malcoup]|n9h_>,yZ )u,loopsuppr.essedsfr‘ong dynam|cs
C ...... ,..g 2..,9 2, ............................................ C ........ ,g ...............................................................
ak B/ QHTHBWBWE 92 A Uy L H HGe GW
-, lOTRgy m 167‘(’ g I

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

[}
-
....
Y
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EWPT constraints
— | fz\ <2 %10~ removed

by custodial symmetry

2
A m
S = (CW -+ CB)m—‘%/ @ @ (CW + CB)1/2 2.0 TeV
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EWPT constraints

v? 3 removed
—2‘ < 2 x 10 .
f by custodial symmetry
@ (ew + cg)t?2.5TeV
T ——
There are also some 1-loop IR effects e

modified Higgs couplings to matter

> 8-

S, T=a((1—cg&)logmp +cy&logA)+b

. A CHUQ/fQ
e.ffec’rnve meﬁ — my <_> > my,
Higgs mass mp

LEPTL, for my~115 GeV: Cenv?/f < 1/3+ 1/
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Flavor Constraints

cii | H|? _ ;0%\ Yiiv -
(1 | ‘7]‘32‘ )yijfLinRj = (1 | 2}2) \/%qu;ij

36"U2> Yiil -
1+ — “—hfLifR;
mass terms / /<' 2f2 \/5 ’

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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How to probe the compositeness of the Higgs?

q

do a’? E’

_ 2 2 % 2
12~ 16m2, sin 02 B3 (2K1q sin“ 0/2 + K5 cos 9/2)

ol Rosenbluth-type cross-section
~N
", Ki &
H' T SM Higgs
| i ﬁ\ Iry~--"""""""TTmmmmme ]
anomalous couplings R elementary Higgs

(accessible @ LHC with 20-40% accuracy)  { |

composite Higgs

LHC reach ? ~ 2

N
s
P

Need to develop tools to understand the physics of a composite Higgs

O use effective theory approach

O rely on symmetries of the problem \ identify interesting processes
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Floawr éa%mé % Wm&@ nature o5 % Hﬁg?

7. Anomalos }{ﬁj Wj

O
C 2
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Higgs anomalous couplings for large v/f

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

]- . —\\ -\
miy = ZQQf2 sin®v/f = gaww = \/1 — fgfsbl\mdfw =

Fermions embedded in spinorial of SO(5)

ms = Msinv/f
I
gntt = V1= Enss
I
c=+\1—¢&

universal shift of the couplings

no modifications of BRs

(€ = */f)

a=+/1—¢
b=1-—2¢

Fermions embedded in 5+10 of SO(B)

mys = Msin2v/f
TR
1 —28 s

ghsf = JI-¢ Inff

C —

BRs now depends on v/f
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Higgs BRs

Fermions embedded in 5+10 of SO(5)

a=+1-¢ b=1-2¢ 6211—_22
My =120 GeV- . - My =180 GeV
_ B
— ‘a ANIRLE
U
D
- ]E 10
g g
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 anomalous couplings @ LHC

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

U2 ; h h2 h3 ~ I 9
£EWSB:ZTT(DMZ DMZ) 1—|—2a;—|—bv—2—|—b3§—|— —)\@DLE?pR 1‘|‘C;—|—62_—|—

o= VTE b=1-%  h=-3e/TE o= (VITETR)  a= (649

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

| 10 T b |
" ,a i7/8 | Ef)’:((ﬁ”f’ ! ( LHC can probe \
s [[€5D/B T b Aa & Ac
: up to ~ 0.1:0.2
i i.e. 4of ~ 5+7 TeV
4 o S !
. S compositeness scale of the Higgs

(ILC/CLIC could go to few %, ie, test
composite Higgs up to 4-f ~ 30/60 TeV)
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Floawr éa%mé % Wm&@ nature o5 % Hﬁg?

2. [rocesses /m@ e f&% (itera clions

O
C 2
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How to probe the strong dynamics?

Look at pair production of strong states

B strong WW scattering

................. i W . et
[ —(1=¢) M2, of the growing amplitudes
................. W W

S
A(WEWE — WEWE) = A(s, t,u)5%6° + A(t, 5,u)5°8" + A(u,t,5)5°%6 A= (1—a”) =

large ., heeded
not competitive with the measurement of 'a’ via anomalous couplings
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How to probe the strong dynamics?

Look at pair production of strong states

B strong WW scattering

................. i W . et
[ —(1=¢) M2, of the growing amplitudes
................. W W

S
A(WEWE — WEWE) = A(s, t,u)5%6° + A(t, 5,u)5°8" + A(u,t,5)5°%6 A= (1—a”) =

large ., heeded
not competitive with the measurement of 'a’ via anomalous couplings

® strong double Higgs production

A(Z929) — hh) = (W} W, — hh) = (b— a®) —

02
access to a new interaction, 'b’

distinction between ‘active’ (higgs) and ‘passive’ (dilaton) scalar in EWSB dynamics
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Scale of Strong WW scattering?

S

Arr_rr ~ g° f(t/5) ALL—LL ~ —

?J2
f is a rational fct
expected O(1) for t~-s/2

onset of strong scattering at the weak scale

—_—

hard cross-section 'inclusive’ cross-section
(TN"S/Z) (_S + Q?nin <t < _Q?nin)
dorr_pr/dt _ N, 52 01,1 —LL(Qmin) N SQ?nin
dorr_s7r/dt lt~—s/2 My, 07T 1T (Qmin ) © M,

NDA estimates
Ny ~1 ~(C D N, ~1
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Total cross sections
disentangling L from T polarization is hard

| —|

— 1x10"

1x10°

! ! ' T ; L 1
1500 2000 2500 3000
Vs [GeV]

] * ! ]

Tror (WHWH = WHW)

1x10° “——

500 1000

The onset of strong scattering is delayed to larger energies due to

the dominance of TT — TT background

The dominance of T background will be further enhanced by the pdfs
since the luminosity of Wt inside the proton is log(E/Mw) enhanced
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Coulomb enhancement (SM)

the total cross section is dominated by the poles
in the exchange of y and Z in the t- and u-channels

eikonal limit
a, = 2 - (electric charge of W™)? az =2 - (“SU(2) charge” of WT)?
universal for Tand L different for Tand L
7Tt

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

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

=>» T-dominance is the result of multiplicity and larger SU(2) charges <=
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Hard scattering (central region)

we heed to look at the central region, i.e. large scattering angle,

7L

_ A0tk LL - LL
e [ - TT »TT
= [ - LT > LT
—

= ™x10°F

+§ [

2 _

+§ 1x10° F

% :

§:§ 1x10* F

3 :

1x103 &

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

to be sensitive to strong EWSB

——7
| 34 <tls<-1/4

-
~,
-,
-,
-,
-,
-,
-,
-,
-,
-,
-,
-
'-.~
-
-
'~.§.

|Vy||

£=0— -

| 1 1 1 f‘ﬂ--L 1

500 1000 I150(I) - éOOd
Vs [GeV]

2500

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

O.hard
TT—TT

hard
OLL—>LL ( V'S

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

N, = 1/2304
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*
-------------------
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3000

® hard cross-section = faster growth with energy

B onset of strong scattering still at high scale
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EW bckg for WW — hh

1x107 b=t ——— E
i 2 h_() & — ] E
1X106 _ a 'b—05 - — ]
— E E -Q E
@) i L. ] b E
— 1X10°F E = _
£ 3 M—1 =
T 1x10%E E T
T 1ok 1z
~ 2 :_ _____________ _; - :
5 110° i' e | 33 |
° 1x10t Bi — LL—hh (MHCMS) _ ] © 1" —— LL > hh (MCHMS) E
IR LL — hh (MHCM4) " ~"=-—._ - I SRS LL = hh (MCHM4) ""~~-__ ;

F - TT—hh TT—e_ 1x10f - TL—hh T
i, ——-LT=>hh T L - l‘llh | | LT 13
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

Vs [GeV] Vs [GeV]
4
do.LL—)hh/dt €2 \/E

Chris Z‘op/]e Grod'ean

doTT—hh [ gt —

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

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

no T polarization pollution, ;
neither in the total cross section, :
nor in the central region :

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

*
----------------------------------------------------------------------
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Double Higgs production

2 2
Lewss = UZTT (DMETDME) (1 + QCLZ 1 bh_)
V(h) = 2m2h? + dy B\ 3 4 g, L (3R e
2 6\ v 24\ v?
SM: a=b=d3=ds=1

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

N
l' D g
’ .
A '
'
14 .
24 1N
Y N
Y .
¢ .
]
]
]
]
o o
P '
P 'N
P 'S
.-------'

A ~ (52— CLQ) o A ~ cst. + Sadg

mhh ~ 4mh U

asymptotic behavior threshold effect
sensitive to strong interaction

anomalous coupling’
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Strong Higgs production: (3L+jets) analysis

strong boson scattering & strong Higgs production

_ CHS
A(Z}Z) — hh) = A(WFWL — hh) = o
mp = 180 GeV
fermions in spinorial W l+ STttt Y acceptance cufs
cr=1 g : jets leptons
7 lv_ - pr > 30 GeV pr > 20 GeV
- l+ : 5Rjj > 0.7 5le(ll) > 04(02)
V ““’773‘§5 n;| <24
w-

Dominant backgrounds: WIiI4j, ttW2j, tt2W(j), 3W4,...

forward jet-tag, back-to-back lepton, central jet-veto
v/ f 1 [v/0.8] V0.5
significance @ 300 fb~" | 4.0 | 2.9 1.3
luminisity for 5o (fb~ 1) | 450 | 850 | 3500 | <& good motivation fo SLHC
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Isolating Hard Scattering

isolate events with large mnn
luminosity factor drops out in ratios: extract the growth with mn,

measure H3 measure (b-a?)

B

12| o

1.0

0.8 b e
‘ asymptotic reﬁimb‘
| 0-61 g ] two models with
I ® B | same asymptotic regime but
04F ¥ ;g;gg do/dmpnlvcrne 4| differ'enzlr h|? s—self?cou lin
[ i;g m =1 do/dmpn|mcams 1 | 99 Pling
1 02 I | | | | | | | | | | | | | | | | | | | |
500 1000 1500 2000 2500

Bonn, 17 Nov. 20l


http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011

Dependence on Collider Energy
_s(so) x [ BB
r=ol0)x | L0l

increase collider energy /s = sensitive to PDFs at smaller x
bigger cross-sections

- e ——— e — - -~

N
o

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

pEE(m2, /5, Q) 40 TeV U f . sLHC vs. VLHC
piyr ((mpn/14 TeV)?2, Q?) ‘ :

O0)

o
o
l

10 x lum = 10 x events

_. 2 xJs =10 x events
,,,,,, 3 if mpn1.6TeV

—h
o
T T T T T

- -
-~ -
o
-

-
-
——‘—
- -

. P R T TR N S T S T N v. P N T T T
500 1000 1500 2000 2500

m,, [GeV]

o
o T T T

increase in # signal events
N
o
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Dependence on Collider Energy
_ (s x | BB s
r=ol0)x | L0l

increase collider energy /s = sensitive to PDFs at smaller x
bigger cross-sections

—|—:§_‘—LE=O.5 llf mhh>1.6T€V

01}

> o4l sl 200 - SLHC vs. VLHC
G | 5= TS
% 0sl | 10 x lum = 10 x events
s =8

e

- 02F 2 x /s =10 x events
g |t

=

-

Z

.. very few events

] "|_-|-' ! ]

200 400 600 800 sLHC might be better

m's [GeV]
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Measuring Higgs Non-Linearities

2 2 2
Lowss = %Tr (D,X'D,Y) (1 + QaE + bh—> V(h) = %mihQ 4+ dgé <3mh> B3
v

0.8 SLHCj O (S)LHC is barely sensitive to d3 and b
'_ ' OILC has a sensitivity on d3 but not on b
0.4+ O CLIC can probe both d3 and b

0.0 T—T Which coupling should we measure?

O Higgs self-couplings controls the
dynamics of EWSB = red herring

_ _ (various weak states can modify h3)
-0.8 | O to learn about strong interactions
| triggering EWSB = need to measure

00 Q.ll‘ 02 ) .0.54 0.5 quadratic coupling b o Goldstonesl!
Higgs s’rr'ong(—sl nteractions

b
Christophe Grojean Composite % qqs Physics @ Colliders 40 Bonn, 14" Nev. 2ol
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Floawr éa%mé % Wm&@ nature o5 % Hﬁg?

. Pm@ Fscrete sommelrics / te %% sector

C 2
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Geometry of Coset from WW- — 3h

Sz“rong
SM
ELVSB 1 B2 R2 1 g2 g2
O2r—3m 7™ O27r—3m 7
8m f4 (4rf)? 8 v? 1672
E/f <9
Probe of possible discrete symmetries in the strong dynamics
’ G » invariance under e
symmetric space A
________ AT W e
a process with an odd # of PGBs \&C/ \
requires a coupling breaking the coset structure  4€
ie cannot be mediated by strong interactions alone
] A 12 (ab—a?) = 2by ) +4s x m \*
WW — 3h ng a a 10 S s

~— ~—

=0 for mediated by SM gauge
symmetric coset interactions (breaking of
coset structure)
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W*W- — 3h @ CLIC

hon-symmetric coset

invariant mass distribution for e'e -> hhhv v

3 3

Entries 10000

mass a=

= Mean 1478
L RMS 473.1
0.04—
0.035 22 1fb(6sur0.4ab) |— E=3TeV
0.03— —E=5TeV
0.025—
0.02—
0.015 219.6fb
E (osm®1.2ab)
0.01F
0.005—
0 :I | | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | | | I I | | 1 | 1 | | 1 1 | L
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

m,,, (GeV)
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Floawr éa%mé % Wm&@ nature o5 % Hﬁg?

. Défé&f% VCEONANCES

O
C 2
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Resonance Searches

Observing a tower of resonances would a direct evidence of the strong interactions
However, in the best configuration, LHC will have access to a few ones only

o(pp - p X) at LHC7 o o(pp - p X) at LHC14

L ‘Q

1000 1500 2000 2500 3000 7500 1000 1500 2000 2500 3000
m,[GeV] m,[GeV]

O 3-body final state
O qq initiated process = PDFs become more dominant at large x

VBF vs. DY:
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Resonance Searches

12

10

N
—
-
o
T
Q.
L
QO
X
-

/'I
| I/'I I/l'

4 4
/e
[ R R

/,I /’l /',
/ ‘ /I /'

/" /" . /¢' /¢' |
" higgsless setup

500

C/?)‘/Sfopﬁe ér?/'ean

1000

1500 2000 2500 3000 3500
m,|GeV]

O Current best limits from the 1fb!
CMS search for WZ resonances

O DO search for WW and WZ
resonances gives weaker bounds

O LHC limits on leptonic Z' and W'
resonances are not competitive
because of the small leptonic
branching fraction

Bonn, 14" Nov. 20l

Composite Yiqqs Physics @ Colliders 4¢


http://arXiv.org/abs/arXiv:1108.1183
http://arXiv.org/abs/arXiv:1108.1183
http://cdsweb.cern.ch/record/1377329/files/EXO-11-041-pas.pdf
http://cdsweb.cern.ch/record/1377329/files/EXO-11-041-pas.pdf
http://arXiv.org/abs/arXiv:1011.6278
http://arXiv.org/abs/arXiv:1011.6278

(T(pp - pX) [pb] at LHC7

Resonance Searches

" huggsless setup

500

Chris fophe Gr?/'ean

1000

1500 2000 2500 3000 3500
m,|GeV]

O Current best limits from the 1fb’!
CMS search for WZ resonances

O LHC limits on leptonic Z' and W'
resonances are not competitive
because of the small leptonic

branching fraction

Bonn, 17 Nov. 20l
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Resonance Searches vs Indirect Probes

a‘r’rer'ing "'""

10°

Higgs couplings/

2

weak scale g
strong scale | ~

—=.

searches

NB:
the lower the scale of
strong interaction, the
more difficult to see

resonances
(broader resonances & weaker
couplings to light SM quarks)

Christ ophe 6/‘9/@&/7

107!

"~ Resonance N

1072

N

-—»] HC Direct

Al LHC Indirect

, Direct
" Searches

EWY %

CLIC Direct

|

m,[TeV]
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Resonance vs Heavy Gauge Boson

%/oou Can we Z‘e// Z‘/?e difference AeZ‘ween a »MaSSive 3624(38 £ie/d

ard a resSonance £} ron? A SZ‘rong Seclor?
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Resonance vs Heavy Gauge Boson

%/oou Can we Z‘e// Z‘/?e difference Aefween a »MaSSive 3&4(33 £ie/d

ard a resSonance £} ron? A SZ‘rong Seclor?

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

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

gyromagnetic ratio of any elementary particle of mass M
coupled to photon must be g=2 at tree-level to maintain
perturbative unitarity up to energy A >»> M/e
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Resonance vs Heavy Gauge Boson

%/oou Can we Z‘e// Z‘/?e difference Aefween a »MaSSive 3&4(33 £ie/d

ard a resSonance £} ron? A SZ‘rong Seclor?

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

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

gyromagnetic ratio of any elementary particle of mass M
coupled to photon must be g=2 at tree-level to maintain
perturbative unitarity up to energy A >»> M/e

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

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

(g — 1)B“”WA’L+W;_ dimension-4 operator mediating W' =Wy after W-W' mixing
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Fermionic Resonances
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Conclysions

EW interactions need Goldstone bosons to provide mass to W, Z
VAR J ] 4 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
collaboration EXP-TH is important Yo make sure
e.g. that no unexpected physics (unparticle, hidden valleys) is missed (triggers, cuts...)

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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