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At 2011, still two paradigm for EWSB:

• Strongly-coupled “Higgs”  ➠ Composite Higgs or
                                           Higgsless (e.g. Technicolor)

At present, no serious hints for one or the other!

• Weakly coupled (Elementary) Higgs = SM 
                            Naturalness ➠ Supersymmetric SM



Symmetry Breaking 
by a non-elementary Higgs

Breaking of U(1)EM inside the 
material by a “cooper pair”:

�h� = �e−e−�

Nature uses it often...

1) Superconductors:
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FIG. 1 Data from Onnes’ pioneering works. The plot shows the electric resistance of the mercury vs. temperature.

therefore, due to the Maxwell equation

∇ ∧E = −1
c

∂B
∂t

, (1.1)

the magnetic field is frozen, whereas it is expelled. This implies that superconductivity will be destroyed by a critical
magnetic field Hc such that

fs(T ) +
H

2
c (T )
8π

= fn(T ) , (1.2)

where fs,n(T ) are the densities of free energy in the the superconducting phase at zero magnetic field and the density
of free energy in the normal phase. The behavior of the critical magnetic field with temperature was found empirically
to be parabolic (see Fig. 2)
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FIG. 2 The critical field vs. temperature.
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Explains:



Considering only two quarks in the massless limit,
(

uL

dL

) (

uR

dR

)

,

QCD has an accidental global symmetry (Chiral Symmetry):

It’s broken by the quark condensate:  h≡<qq>≠0

π
+
, π

−

, π
0

3 Goldtones:

SU(2)L x SU(2)R

SU(2)L x SU(2)R  ➞ SU(2)V

_

Isospin

2)  QCD:  Symmetry Breaking of the Chiral Symmetry

EW symmetry broken by the QCD condensate!



Apply similar ideas for EWSB:
There is a new Strong Sector at the TeV 

responsible for EWSB

“Higgs” = composite object <Q’Q’>
_Technicolor = Replica of QCD at  E~TeV

But no light scalar playing the role of the SM Higgs 
➥  Higgsless models 

“Simple minded” option:

Symmetry Breaking 
by a non-elementary Higgs



Role of the SM Higgs:
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2) Crucial to give one-loop finite results:

h
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1) Unitarization:  Amplitudes do not grow with E
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+

2) Crucial to give one-loop finite results:

WL

WL

Higgsless theories must contain extra 
spin=0,1,...  resonances (as in QCD)
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WL √
s

M
W

(n)

0 500 1000 1500 2000 2500 3000

0.5

1.0

1.5

2.0

2.5

3.0

3.5

W
(n)

• •
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Masses of        ~ TeVW
(n)



Assuming new physics scale ΛNP ! mW effects encoded in only

four Form Factors: Barbieri,A.P.,Rattazzi,Strumia

Form factors custodial SU(2)L

Ŝ = g2 Π′

W3B
(0) + −

T̂ = g2

M2
W

[ΠW3
(0) − ΠW+(0)] − −

W = g2M2
W

2
Π′′

W3
(0) + +

Y = g′ 2M2
W

2
Π′′

B(0) + +

Barbieri, AP, Rattazzi, Strumia

Sizable effects on the W and Z propagators 
                          (highly constrained by LEP & Tevatron)

Effects parametrized by two quantities:

Peskin, Takeushi

T̂
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Main objection to these scenarios ➞ EWPT

mh = 115 GeV

Technicolor 
 (a la QCD)  

Two main contributions:

a)  No light Higgs 

b)  Extra tree-level contribution
            from resonances:

BW
W

(n)



Two attitudes:

1) Extra contributions (vertex effects, extra fermions, 
presence of a dilaton,...) will put the Higgsless models 
inside the S-T ellipse

2) Precision EW data points towards the existence of 
     a light Higgs... but not necessarily elementary

➥ Composite light Higgs



Two attitudes:

1) Extra contributions (vertex effects, extra fermions, 
presence of a dilaton,...) will put the Higgsless models 
inside the S-T ellipse

2) Precision EW data points towards the existence of 
     a light Higgs... but not necessarily elementary

➥ Composite light Higgs

     First question for this scenario:
          Why the Higgs is going to be lighter 
          than the other resonances of M~ TeV?   



Spectrum:

We can again get some inspiration from QCD:
There one observes that the (pseudo) scalar are the lightest states

π

ρ

Are Pseudo-Goldstone
 bosons (PGB):

π
π

+
, π

−

, π
0

3 Goldtones:

From the spontaneous breaking 
SU(2)L x SU(2)R  ➞ SU(2)V

massless up to explicit breaking terms

1 GeV



We’d like the spectrum of the new strong sector to be:

Pseudo-Goldstone
 bosons (PGB)

h100 GeV

TeV W
(n)

Can the light Higgs be a kind of a pion
 from a new strong sector?

Quantum numbers of the Goldstones fixed by the 
Symmetry Breaking Pattern in the new Strong sector: 

  G→H



G H PGB

SO(5) O(4) 4=(2,2)

SO(6) SO(5) 5=(2,2)+(1,1)

O(4)xO(2) 8=(2,2)+(2,2)

SO(7) SO(6) 6=(2,2)+(1,1)+(1,1)

G2 7=(1,3)+(2,2)

... ... ...

Possible symmetry patterns:



G H PGB
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O(4)xO(2) 8=(2,2)+(2,2)

SO(7) SO(6) 6=(2,2)+(1,1)+(1,1)

G2 7=(1,3)+(2,2)

... ... ...

one 
doublet

Agashe, Contino, AP

Possible symmetry patterns:



G H PGB

SO(5) O(4) 4=(2,2)

SO(6) SO(5) 5=(2,2)+(1,1)

O(4)xO(2) 8=(2,2)+(2,2)

SO(7) SO(6) 6=(2,2)+(1,1)+(1,1)

G2 7=(1,3)+(2,2)

... ... ...

One doublet
+ Singlet

 

Gripaios,  AP, Riva, Serra

Possible symmetry patterns:



G H PGB

SO(5) O(4) 4=(2,2)

SO(6) SO(5) 5=(2,2)+(1,1)

O(4)xO(2) 8=(2,2)+(2,2)

SO(7) SO(6) 6=(2,2)+(1,1)+(1,1)

G2 7=(1,3)+(2,2)

... ... ...

Two doublets
 

Possible symmetry patterns:

J.Mrazek, A. P., R. Rattazzi, 
M. Redi, J. Serra and A. 
Wulzer, in preparation



Good:  Scalar (PGB) spectrum fixed by symmetries
Bad:  Not clear which G/H should be considered

 ➡ Not clear that minimality is a good guide

G H PGB

SO(5) O(4) 4=(2,2)

SO(6) SO(5) 5=(2,2)+(1,1)

O(4)xO(2) 8=(2,2)+(2,2)

SO(7) SO(6) 6=(2,2)+(1,1)+(1,1)

G2 7=(1,3)+(2,2)

... ... ...

Two doublets
 

Possible symmetry patterns:

J.Mrazek, A. P., R. Rattazzi, 
M. Redi, J. Serra and A. 
Wulzer



Recent proposal:  Assume that elementary SM fermions mix
 with fermionic resonances of the strong sector: 

 “Partial-compositeness”

Generation of masses from mixing:

Fermionic Sector:  Couplings of the Higgs to SM fermions

Agashe,Contino,A.P.
early work by D.Kaplan

• The larger   , the larger the mixing, the larger the mass:

Relatively safe from FCNC!

ΨSM ΨSM

Lint = λΨSMΨcompo

λ

λ

• Fermionic partners for all SM fermions

3rd family most sensible 
to Strong Dynamics

 Expected deviations in 
their couplings

Implications:

➡

λL
λR

∼ λLλR



Certain experimental hints for compositeness in the 3rd family:

~3 sigma discrepancy for the Forward-
Backward Asymmetry of the bottom

from LEP/SLD experiment

~3 sigma discrepancy for the Forward-
Backward Asymmetry in Top 

production at Tevatron

time will tell us...
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Full model?

Not has been possible yet!      
       At 2011, LHC must be our guide from now on... 

What’s the strong sector made of?



Full model?

Not has been possible yet!      
       At 2011, LHC must be our guide from now on... 

Nevertheless, calculable models can be obtained 
by  the AdS/CFT correspondence:

Higgs as an “hologram”

The 4D composite properties of 
the Higgs are due to its 5D nature 

Contino,Nomura,AP 03

Maldacena 98

Models with 
extra warped dimensions

Strongly-coupled 
theories ≈

Picture from
 G.F. de Teramond

What’s the strong sector made of?



How to unravel the composite nature of the Higgs?

?

H

Look for deviations on Higgs couplings



Couplings can be very different for a composite Higgs

For example, for an elementary Higgs:

•

For a composite Higgs:

EWSB

•

gWWh2 → gWW (v2 + 2vh+ h2)

gWWf(h) → gWW (f(v) + f �(v)h+ · · · )
EWSB

E.g. For a Pseudo-Goldstone Higgs:

f = sinh f � = cosh

➥ Non-zero W masses but no coupling of h to WW

If f → 1 , f � → 0 !!, :

h → v + h



Contino et al 10

Parametrization of deviations 
from SM Higgs couplings

SM Higgs:

Minimal Composite Higgs:

L =
M2

V

2
V 2

µ

�
1 + 2a

h

v
+ b

h2

v2

�
−mf ψ̄LψR

�
1 + c

h

v

�
+ · · ·

a = b = c = 1

a =

�

1− v2

f2
b = 1− 2v2

f2
c =

�

1− v2

f2

Giudice,Grojean,AP,Rattazzi 07

Scale related to the composite-scale

expected value:  f ~ v
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Extra states needed to 
fully unitarize (for consistency)!

In the limit a=0 (~ Higgsless)
 composite Higgs not at all a Higgs

Resonances do all the job!

M

√
s Extra resonances

(as in QCD)
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h

●●

Maximal degree of compositeness (a~0) 
not allowed by EWPT

T̂

Ŝ
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Maximal Composite

a=1

➟ a > 0.86 
Put a bound on the scale of

    compositeness:   f>500 GeV 
a=0

●

a aAll these effects nicely parametrized in terms of 4 quantities: 

In theories with a Higgs H, one to one correspon-

dence with Dim 6 operators

Grinstein , Wise

Form factors Operator

T̂ = g2

M2
W

[
ΠW3

(0) − ΠW+(0)
]

|H†DµH|2

Ŝ = g2 Π′
W3B

(0) (H†τaH)Wa
µνBµν

W =
g2M2

W
2 Π′′

W3
(0) (∂ρBµν)2

Y =
g′2M2

W
2 Π′′

B(0) (DρWa
µν)

2

Barbieri, AP, Rattazzi, Strumia
Peskin, Takeushi



More precise:
HOW `STANDARD` THE HIGGS MUST BE ?

Large deviations from a=1 still allowed for a light Higgs

Presently no constraint on b,c

50 100 150 200 250
0
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mh [GeV]

a2

Excluded by EW fit

Excluded by 
LEP direct 
searches

SM Higgs

Contino at Planck10



If the Higgs is composite,
 how it will change LHC predictions?

Giudice,Grojean,AP,Rattazzi 07 

Bad news: Reduction of rates!

a=0.86

see also, Grojean,Espinosa,Muhlleitner 10



at LHC can measure                           up to 20-40 % 

by studying rates for Higgs production and decay

cy

v2

f2
, cH

v2

f2

at ILC one would test these e!ects  to percent level

Duhrssen 03

36

Higgs coupling measurements  ~ 20-40%

ILC would be a perfect machine to test this scenario:
effects could be measured up to a few %

recent studies Lafaye,Plehn,Rauch,Zerwas,Duhrssen 09



Genuine properties of the 
composite nature of the Higgs

1)  WLWL -scattering grows at high energy

W

W

h

h

2)  Double-Higgs production grows at high energy

Contino et al 10In the best cases  “3σ signal significance 
with  300/fb collected at a 14 TeV LHC”
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Genuine properties of the 
composite nature of the Higgs

1)  WLWL -scattering grows at high energy

W

W

h

h

2)  Double-Higgs production grows at high energy

Contino et al 10

pp→ hhjj → 4Wjj →






l+l+l−l− �ET + 2j

l+l−l± �ET + 4j

l+(−)l+(−) �ET + 5j (6j)

In the best cases  “3σ signal significance 
with  300/fb collected at a 14 TeV LHC”
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If SO(6)→SO(5) breaking pattern:  Doublet h +Singlet η



3

SO(4) ∼= SU(2)L × SU(2)R. The bi-doublet can be associated to the usual SM Higgs doublet H responsible for

EWSB, while the singlet, which we denote by η, corresponds to an extra pseudoscalar state. The breaking of SU(4)

down to Sp(4) can be achieved by a 4× 4 antisymmetric matrix

Σ0 =

�
iσ2 0

0 iσ2

�
, (2)

corresponding to the VEV of a field transforming as the 10 of SU(4):

Σ0 → UΣ0U
T . (3)

The unbroken generators T a
satisfy

T aΣ0 + Σ0T
aT

= 0 , (4)

and correspond to the generators of Sp(4) ∼= SO(5), while the broken ones, T â
, satisfy

T âΣ0 − Σ0T
âT

= 0. (5)

Among the unbroken generators we can identify the six corresponding to the subgroup SU(2)L × SU(2)R as

T a
L =

�
σa/2 0

0 0

�
, T a

R =

�
0 0

0 σa/2

�
, (6)

while the remaining four can be taken to be

1√
2

�
0 σa/2

σa/2 0

�
and

1

2
√

2

�
0 −i1

+i1 0

�
. (7)

The fluctuations along the broken generators correspond to the NGB that parametrize the SU(4)/Sp(4) coset

Σ = e
i√
2
Π/fΣ0 , (8)

where

Π =

�
η1 i(−Hc H)

−i(−Hc H)
† −η1

�
, (9)

with H =

�
h3 + ih4

h1 + ih2

�
and Hc

= iσ2H∗
. This can be written as

Σ =





�
c + i ηs√

η2+h2

�
iσ2

s√
η2+h2

(H Hc
)

− s√
η2+h2

(H Hc
)
T

�
c− i ηs√

η2+h2

�
iσ2



 , (10)

where

s = sin

�
η2 + h2

√
2f

, c = cos

�
η2 + h2

√
2f

, and h =

�
h2

i . (11)

By a suitable SU(2)L rotation, we can eliminate the 3 NGB to be eaten by the SM gauge bosons, and keep only the

physical Higgs h and η. In this gauge, the kinetic term for the PNGB is given by

f2

8
Tr|DµΣ|2 =

f2

2
(∂µh)

2
+

f2

2
(∂µη)

2
+

f2

2

(h∂µh + η∂µη)
2

1− h2 − η2
+

g2f2

4
h2

�
Wµ+W−

µ +
1

2 cos2 θW
ZµZµ

�
, (12)

where we have performed the following redefinition of the PGB fields:

h2s2

η2 + h2
→ h2 ,

η2s2

η2 + h2
→ η2 . (13)

From now on, h and η will refer to the redefined fields. The gauging of the SM group breaks the global symmetry

SU(4) down to SU(2)L× U(1)Y×U(1)η where Y = T 3
R and the generator of U(1)η is

T η
=

1

2
√

2
Diag(1, 1,−1,−1) . (14)

Since this latter is the symmetry under which the PNGB η shifts, gauge boson loops will only generate a potential

for h but not for η.
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7

determination of the CP-properties of the Higgs. A recent possibility is to use the top-strahlung pp → tt̄ + Higgs to

use the top pair distributions to measure CP violation.

Light-η scenario: In the limit in which �i → 0, the η mass goes to zero, and we are driven to a very different

scenario for Higgs physics. The mass of η can be below mh/2, implying that the Higgs h can decay to two η’s. From

Eq. (44) we find a hηη coupling:

−f
2�h�
2

η2∂2
µh , (32)

that leads to a Higgs partial width

Γ(h → ηη) =
m

3
hm

2
W β

8πg2f4
, β =

�
1− 4m2

η/m
2
h (33)

This decay channel can dominate over the bb̄ channel. In the limit of mη � mh < 2mW , we find

Γ(h → ηη)

Γ(h → bb̄)
� 8.5

�
mh

120 GeV

�2�500 GeV

f

�4
. (34)

This opens up the possibility [11] that the Higgs could in fact be somewhat lighter than the LEP SM Higgs bound of

114 GeV, since h might have escaped detection at LEP due to the non-standard decay mode h → ηη. For example,

if mh � mη � 10 GeV, the dominant decay mode of η is η → bb̄ and the experimental lower bound on mh from

h → 4b searches is around 110 GeV. This bound can even go down to 86 GeV for 10 GeV � mη � 3.5 GeV, where the

dominant decay mode is η → τ τ̄ .

There is a priori no reason to assume that all �i are close but different from zero, and therefore one could think

that the light-η scenario is not very much motivated. Nevertheless, it is reasonable to consider that the values of �u

are different from �d, or even from �l. In these cases, as we will see, the η can be naturally light. It is also possible

that �i takes different value for the different families. These possibilities lead to a very different phenomenology for

η. Let us discuss them in turn.

Let us first consider the case of family symmetric values of �i. In order for the η to be light, we will assume �u = 0,

that corresponds to an embedding of the up-quarks into one of the singlets of the 6. If now we assume �b ∼ 1, we

have that η receives its mass mostly from bR one-loops. Assuming that bR and bL have equal couplings to the strong

sector, we have that this coupling must be ∼
�

mb/v. In this case,

m
2
η �

hbΛ3

16π2f
� (30 GeV)

2
�

Λ
2 TeV

�3 �
500 GeV

f

�
, (35)

that is light enough to allow the decay of h to two η. The η will mainly decay to bb̄, unless �b = 1. In this latter case,

we have bd = 0 and therefore η does not couple to bb̄ and decays to τ τ̄ . This decay channel can also be zero if �l = 1,

implying that η will mostly decay to cc̄. The decay to photons can become sizable in this latter case:

Γ(η → γγ)

Γ(η → cc̄)
� ...

�
mh

120 GeV

�2�500 GeV

f

�4
. (36)

In this scenario we could be able to learn important information about the strong group, in the same way as π → γγ
told us about the numbers of colors in QCD.

The last possibility is to have �u = �b = 0 but �l �= 0. Then the mass of η comes from loops of τ (similar as Eq. (27)

but with hb → hτ ), leading to a little bit lighter η. In this case, it could be kinematically forbidden for η to decay

into bb̄, being then its main decay either into cc̄ or τ τ̄ respectively depending whether �l = 1 or not.

FCNC: Let us now consider the case in which the values of �i are not family symmetric. We expect FCNC effects

mediated at tree-level by η that couple linearly to f̄
i
Lf

j
R with a strength (assuming �η� = 0 and �h� � 1)

Mij =
mi

f
UR ik

bk

ak
U

†
R kj , (37)

where UR is the rotation in the right-handed sector needed to diagonalize the fermion mass matrices and i, j, k runs

over all right-handed fermions. Since UR is unitary, URU
†
R = 1, we have that, as expected,M is diagonal for universal

values of bi/ai. We will assume that UR is of the same order as the CKM matrix V and study the implications of

non-universality of bi/ai on flavor observables.
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Fixed by symmetries !!

If SO(6)→SO(5) breaking pattern:  Doublet h +Singlet η

Gripaios,  AP, Riva, Serra

Possibility for a new Higgs decay:

h→ ηη → bb̄bb̄ τ τ̄τ τ̄or

(depending on the η-mass)

In all these cases, Higgs h can be lighter than LEP bound 114 GeV

Chang, Dermisek, Gunion,Weiner



What about indirect signatures 
of composite Higgs?

As in QCD, detecting other hadrons was an indication 
 of pion compositeness ➞ Look for resonances 
                                         (Kaluza-Klein-states)



Predictions:

W’
Z’
γ’
t’
.
.
.

Extra heavy copies of the SM states
 M~ TeV }

Not have been accessible yet

Waiting for the LHC!
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top fermionic resonances
   with exotics: (color=3, weak=2,Y=7/6) 

4 TeV graviton resonance

the higher the spin, 
the higher the mass

From AdS/CFT, predictions can be made: 

100-200 GeV
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the higher the spin, 
the higher the mass



!!" !#" !$" !%" !"" !&" !'" !("

)*"

!*)

!*"

#*)

#*"

+
,
,
- ./
0
1
2

+34556
-.7012

!#8$

#!8&

#'8&

Correlation between the Higgs mass and 
the mass of the fermionic resonances:
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3) ⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L $∂ qL + t̄R $∂ tR

+ Tr
{

Q̄ ( $∂ − MQ)Q
}

+ ¯̃T ( $∂ − MT̃ ) T̃ + Y∗ Tr{Q̄H} T̃ + h.c

+ ∆L q̄L (T, B) + ∆R t̄RT̃ + h.c.

(2)

3

If this fermion is light, it can be double produced:

Contino,Servant
Mrazek, Wulzer

Aguilar-Saavedra,
Dissertori, Furlan,Moorgat,Nef

same-sign di-leptons

Color vector-like fermions with charge 5/3:
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Figure 1: Typical single and pair production diagrams for T5/3 and B for signals with two positively
charged leptons. We notice that for T5/3 the leptons always comes from its decay, while for B they
originate in two different legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T5/3 partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings λB = Y ∗
t sin ϕt cos ϕq = yt/ tanϕq and λT = Y ∗

t sin ϕt = yt/ sin ϕq are potentially
large since Y ∗

t is large, as we have discussed, and for sure λT ≥ yt � 1. But they will actually be
bigger in realistic models where the amount of compositeness of qL, sinϕq, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections δgL/gL ∼ sin ϕq

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /� 1) an upper bound on sin ϕq. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to δgL/gL ∼ sin ϕq

2 (mZ/Λ)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sinϕq < sin ϕt, i.e. that qL is less composite than the tR. This
implies sinϕq <

�
(yt/Y ∗

t ) and therefore λT >
�

(ytY
∗
t ) � 2 and λB >

�
(ytY

∗
t − y2

t ) �
√

3. We will
therefore consider λT,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin ϕq < sin ϕt.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T5/3 could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)1/6 and
�T = (1,2)1/6 for the partners (which is however strongly disfavored by combined bounds from δgb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T5/3 is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L and T 3
R quantum number. This, plus the SO(4) invariance

of the proto–Yukawa, implies that the T5/3 must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T5/3 is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin ϕt = 1,
and the coupling is large.
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If too heavy, it can be single produced:

of the partners making the branching ratio to top, which is one in our model, decrease. This cannot

however qualitatively invalidate our conclusions on the discovery, which are robust if the partners are not

too heavy and their couplings, which determine the single production cross–section, are not too small.

3 Discovery Analysis

The cross–sections of single and pair top partners production at the LHC are shown in fig. 2. After

production, the partners decay to top quark and W as depicted in fig. 1 with unit branching ratio, but

reaching the dilepton final state will cost us an extra factor of ≈ 2
9 · 2

9 · 6
9 ≈ 0.03 (id.· 69 ≈ 0.02) for

single (pair) production. Compared with pair, the single production cross–section is always sizable in

the mass range we are interested in and, since it decreases slower with the top partner mass, rapidly

becomes dominant. This is somewhat surprising since the single production diagram contains one weak

interaction vertex and is also suppressed, in comparison with pair production, by the three–body phase

space. Very similar situations, however, are encountered in the case of a fourth heavy family production,

studied in [24], and in the phenomenology of little Higgs models [20].
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Figure 2: Cross sections, summed over charge, for pair (plain) and single (dashed) production of T5/3

(or B) as a function of its mass. The dotted lines show the effect for the single production of varying

2 < λT,B < 4.

The main reason for the single production enhancement (or which is the same, for the pair production

suppression) is explained by figure 3, where the single and pair production partonic cross–sections are

shown as a function of the partonic center–of–mass energy

√
�s = x1x2

√
S (where

√
S = 14 TeV and x1,2

the parton momenta fractions) for, respectively, qg and gg initial states and 1 TeV top partner mass.

Even though the the latter is bigger by a factor ≈ 10 in the first 500 GeV

√
�s slice, it starts at higher√

�s (

√
�s > 2M) while the threshold is lower (

√
�s > M + mt) in the single production case. The partonic

cross–sections will have to be convoluted with the corresponding differential partonic luminosities which

are defined as

dLi,j

d�s =
1

S

� 1

bs/S

dx

x
Fi(x) Fj(�s/(Sx)) ,

and shown in figure 3, computed using the MSTW PDF grids [25] with Q = 2 TeV. It is immediate to see

that, since the differential luminosities decrease exponentially, the integrated one in the [M+mt, 2M ] range

is much larger than the one from 2M and
√

S. The pair production total cross–section, which only receives

contributions from the second

√
�s interval (

√
�s ∈ [2M,

√
S]), is suppressed w.r.t. single by a large factor.

For the 1 TeV case, the suppression factor is approximately given by Li,j(2M)/Li,j(M + mt) ∼ 1/20,
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Figure 4: Distribution of pT (L1), pT (L2), HT and /ET for signal (×100) and background after the minimal
set of cuts, pT (L1,2 > 10) GeV, M(LL) > 120 GeV. The case λT,B = 3 is considered.

Cut Mass, [TeV] pT (L1), [GeV] HT , [GeV] /ET , [GeV]
soft 0.5 60 500 50

medium 1.0 100 1000 50
hard 1.5 200 1200 100
max 2.0 250 1600 100

Table 2: Table of the cuts depending on the mass of the partners. To these, there is a cut on the invariant
mass of both leptons, M(LL) > 120 GeV, and the pT of the second lepton, pT (L2) > 10 GeV.

soft medium hard max
Process ++ -- ++ -- ++ -- ++ --

Single T5/3 38.4 18.7 1.50 0.64 0.154 0.059 0.015 0.005
Pair T5/3 28.1 28.1 0.662 0.662 0.03 0.03 0.0021 0.0022
Single B 32.4 14.4 1.76 0.72 0.226 0.085 0.042 0.015
Pair B 26.3 26.3 0.651 0.651 0.03 0.03 0.0022 0.0022

True background 3.5 2.0 0.68 0.34 0.174 0.077 0.058 0.020
Sign background 12.3 12.3 0.72 0.72 0.100 0.100 0.009 0.009

Table 3: Cross-section in [fb] for the different processes. For the signal, the mass corresponding to the cut
is used.

10

were reconstructed using the Paige’s cone jet algorithm implemented in GetJet [33], with parameters

∆R = 0.7, Emin = 20 GeV. The resulting cross–sections are shown in table 1 where for each process the

different matrix elements combined by MLM matching are also reported. The cross–sections of table 1 are

for hard and separated leptons inside the detector, as previously specified, but a cut M(LL) > 120 GeV

was also implemented. The latter is needed to forbid real Z production to contribute to the Drell–Yan

Z
∗
/γ∗ background. Also, the suppression factor of 10−2 for charge misidentification is already taken into

account.

The detailed simulation described above, including MLM matching, was performed in order to obtain

as realistic as possible samples of events, on which the more detailed analysis of the top partners, which we

will discuss in sect. 4, can be reliably performed. The discovery results presented in this section, however,

do not rely on this detailed simulation. For event selection we will indeed not use observables, such as for

instance the number of jets, which require a detailed knowledge of the hadronic structure of the event. We

have checked explicitly that the results of the present section can be reproduced by pure matrix element

simulations with additional hard QCD contributions. This makes our analysis more robust.

In addition to the lepton charge misidentification, we have included the detector effect of fake /ET [27].

A cut on /ET is indeed very useful to get rid of the Z
∗
/γ∗ background but fake /ET is crucial for a realistic

estimate of the efficiency of this cut. Both for ATLAS and CMS the error on the each component of the

missing pT can be estimated by a Gaussian distribution with a width given by the activity inside the

detector:

σ = κ

� �

jet,lep.

|pT | , (5)

where for atlas κ = 0.46 , while κ = 0.97 for CMS [27]. We use κ = 1.0 and, at the stage of the analysis

of the simulated events, add a random δpT fluctuation to the missing pT .

3.2 Event Selection

The dominating background, as table 1 shows, is Z
∗
/γ∗, but this will become substantially irrelevant

when a cut on /ET will be applied. Second comes tt̄ which will be more difficult to get rid of. The choice of

the observables and their optimization focuses on the single production, which is the relevant production

mechanism in the range of high masses where discovery becomes less easy. Our search strategy, however,

turns out to be efficient for pair production as well. The first observables we focus on are the pT of the

hardest and second hardest leptons, L1 and L2, whose distributions are shown figure 4. Notice that the

leptons are typically softer for B than for T5/3, but this had to be expected since in the second case both

leptons come from the heavy particle decay while in the first only one comes from the B and the other

originates from the top quark. A cut on pT (L1) will nevertheless be useful also for the B, but pushing it

to too high values would induce a big unbalance between T5/3 and B lowering too much the cross–section

for the latter. The pT of the second lepton, which would not in any case solve this problem, turns out to

be an inefficient cut because a hard cut on pT (L1) already implies, on the background, a certain hardness

of pT (L2). This is the case, for instance, for the dominant tt̄ background, we therefore find it convenient

to keep the cut on pT (L2) to its minimal value of 10 GeV.

The essence of our signal is simply the decay of a heavy particle, whose energy needs to be distributed

among its different products, leptons, jets (J) and /ET . It is therefore useful to define the total transverse

energy HT :

HT =

�

J,L,/ET

| �pT | . (6)

The HT distribution is shown in figure 4 and, as expected, peaks around the heavy particle mass. A cut

on HT will therefore be extremely useful and will also solve the problem of the unbalance among B and

T5/3 due to the pT (L1) cut since HT is typically bigger for B than for T5/3. The reason why HT is bigger

for B is that /ET , which directly contributes to /ET , is also bigger and this is due to the following. The

partner has, when singly produced, low transverse boost so that the T5/3 decay products, the t and the

W , are back to back in the transverse plane and boosted. This favors the two neutrinos from t and W

to be back to back and in this configuration there is a cancellation in /ET . This cannot happen for the

B where there is only one hard neutrino. It will nevertheless be hard, for masses > 1.0 TeV, to balance

9
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Figure 1: Typical single and pair production diagrams for T5/3 and B for signals with two positively
charged leptons. We notice that for T5/3 the leptons always comes from its decay, while for B they
originate in two different legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T5/3 partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings λB = Y ∗
t sin ϕt cos ϕq = yt/ tanϕq and λT = Y ∗

t sin ϕt = yt/ sin ϕq are potentially
large since Y ∗

t is large, as we have discussed, and for sure λT ≥ yt � 1. But they will actually be
bigger in realistic models where the amount of compositeness of qL, sinϕq, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections δgL/gL ∼ sin ϕq

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /� 1) an upper bound on sin ϕq. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to δgL/gL ∼ sin ϕq

2 (mZ/Λ)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sinϕq < sin ϕt, i.e. that qL is less composite than the tR. This
implies sinϕq <

�
(yt/Y ∗

t ) and therefore λT >
�

(ytY
∗
t ) � 2 and λB >

�
(ytY

∗
t − y2

t ) �
√

3. We will
therefore consider λT,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin ϕq < sin ϕt.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T5/3 could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)1/6 and
�T = (1,2)1/6 for the partners (which is however strongly disfavored by combined bounds from δgb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T5/3 is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L and T 3
R quantum number. This, plus the SO(4) invariance

of the proto–Yukawa, implies that the T5/3 must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T5/3 is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin ϕt = 1,
and the coupling is large.
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If too heavy, it can be single produced:

Mrazek, Wulzer

At √s=7 TeV with 200/pb, one can reach masses ~ 300-400 GeV

Dissertori, Furlan,Moorgat,Nef

Mass, [TeV] Ldiscovery, [fb
−1

] # signal # background

0.5 0.024 5 0

1.0 1.103 8 2

1.5 26.40 17 11

2.0 326.7 28 31

Table 4: Discovery luminosity, for different mass, in the case of degenerate top partners with λT,B = 3.

Mass, [TeV] Ldiscovery, [fb
−1

] # signal # background

0.5 0.076 8 2

1.0 4.3 16 11

1.5 82 30 37

2.0 637 39 61

Table 5: Discovery luminosity, for different mass, when only the B partner is present and λB = 3.

the B and T5/3 signals after cuts. The lepton-jet separation will indeed unavoidably disfavor the T5/3

selection since it forbids too boosted leptonic tops.

The two main cuts we will use are, in conclusion, pT (L1) and HT , but we will also ask some /ET and

M(LL) > 120 GeV as mentioned above to get rid of the Z
∗
/γ∗ background. For different masses, we

optimize our cuts for the case in which both the T5/3 and B are present, have degenerate masses and

“average” coupling λT,B = 3. The optimized values are shown in table 2 and the corresponding cross–

sections are reported in table 3. We define the discovery luminosity to be the one for which S/
√

B = 5 or,

if the background is negligible as in the 0.5 TeV mass case, as the luminosity which is needed to observe

5 signal events; the results are shown in table 4. We see that discovery will be possible, in the degenerate

mass case, up to at least 1.5 TeV top partner mass while it appears difficult for 2 TeV even when the entire

LHC program of 300 fb
−1

total luminosity will be completed. For masses below around 1 TeV, moreover,

even 100 fb
−1

of luminosity will allow to collect a significant number (greater than 800) of signal events

which will allow to study the top partners in some detail measuring their masses and couplings as we will

discuss in the following section.

The situation is worst, clearly, when only the B partner is present. The discovery luminosity for

different masses and for λB = 3 are shown in table 5 after applying the cuts of table 2. Though the cuts

are not optimized for this case, we see that the discovery is impossible for 2 TeV while the case of 1.5 TeV

is within the reach of the LHC. Lowering the coupling renders the discovery more difficult for high mass,

where the pair production is small, given that the single production cross–section decreases as λ2
. For

λT,B = 2 and degenerate masses, for instance, 90 fb
−1

are needed for 1.5 TeV mass while the 2 TeV case

is by far beyond reach. When only the B is present and λB = 2, the 1.0 case should be discovered with 11

fb
−1

, while the 1.5 TeV case becomes difficult as the discovery luminosity, though again estimated with

the cuts of table 2 which are not optimized for this case, is of 287 fb
−1

.

The top partners, even if both exist, need not to be degenerate or to have equal couplings. Actually,

an unavoidable source of splitting is that, as discussed in sect. 2, the B mixes with the bL while the T5/3

does not. In the specific model described in sect. 2 this results in MB = MQ/ cos ϕq while MT = MQ

which implies:

MT

MB
=

λB

λT
= cos ϕq , (7)

where ϕq is the mixing angle of the qL doublet. Since the qL will not be very composite to satisfy

experimental constraints, i.e. sin ϕq is small, in our model the partners are likely to have similar masses,

though the B will always be heavier than the T5/3 and also more weakly coupled since λB < λT . The B

cross–section will therefore quickly decrease, especially for high masses where single production is more

relevant, by increasing sinϕq, and a valid (although pessimistic) approximation of this case is to neglect

the entire B partner contribution. This leads us to consider the case in which only the T5/3 is present and

λT = 2, which correspond to maximal sinϕq. We obtain that the discovery is surely possible for 1 TeV

mass, with 10 fb
−1

, but it is very difficult for 1.5 TeV where 470 fb
−1

would be needed. This case is worst

than the one of the B since our cuts are, as we have explained, more efficient for the B than for the T5/3 if
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6

TABLE I: Selection cuts in the semileptonic tt̄ channel.

3. Differential cross section

The SM top pair production rate falls steeply as a func-
tion of the invariant mass. The uncertainty from PDF’s
in this shape is far less than that in the total cross-section.
Hence we look for a signal from KK gluons in the differ-
ential tt̄ cross-section as opposed to simply counting the
total number of tt̄ events. We do not expect a sharp
resonance in this distribution due to the large width of
the KK gluon, but we do obtain a statistically significant
“bump” as discussed below.

The differential cross section as a function of mtt̄ is
shown in Figs. 4 and 5 for MKKG = 3 TeV produced
at the LHC. In Fig. 4 we compare the total (signal +
background) distribution to the SM (background) distri-
bution, based on a partonic-level analysis. In Fig. 5, we
focus on the area near the peak and we consider con-
tributions from the reducible background (from Wjj).
We show the particle level results and the correspond-
ing statistical uncertainties of event reconstruction. The
predictions for the SM and SM+RS models, based on
partonic-level analysis (same as in Fig. 4), are also shown
for comparison. We see that, since the partonic and par-
ticle level data are consistent with each other, we do not
expect a large bias in the ability to reconstruct the KKG
mass.
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FIG. 4: Invariant tt̄ mass distribution for MKKG = 3 TeV
production at the LHC. The solid curve presents sig-
nal+background distribution, while the dashed curve presents
the tt̄ SM background, based on partonic level analysis.

In the following we describe the reconstruction effi-
ciency and how we estimate our signal to background
ratio and the sensitivity to the KK gluon mass based on
this analysis. Following [13], we assume a 20% efficiency
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FIG. 5: Invariant tt̄ mass distribution for 3 TeV KKG, fo-
cusing on the area near the peak. The error bars corre-
spond to statistical uncertainties and represent our particle
level analysis. The dotted line stands for the SM predic-
tion. The dashed-dotted line shows the Wjj background.
The dashed line shows the signal+background from Sherpa’s
partonic level analysis.

for tagging b-jets (εb), independent of the b-jet energy.
Our particle level study shows that the efficiency of the
additional cuts described, εcut, in Table I for the recon-
struction of tt̄ system in the mass window around KKG
is about 20(21)% for mtt̄ = 3(4)TeV. We find that for
the SM the reconstruction efficiency is lower, 9(10)% for
mtt̄ = 3(4) TeV. The signal+background (BG+KKG)
and background (BG) reconstruction efficiencies differ
because the BG and BG+KKG events have different
kinematics. The background is dominated by gg fusion
events which are more forwardly-peaked in the top pair
center of mass (cm) frame than the qq̄ fusion events.
Hence, the gg events have a smaller PT

9 than the qq̄
events. Since KK gluon signal comes only from qq̄ fu-
sion, the pT cut on the top-quark reduces background
more than the signal.

In addition, the branching ratio for the lj decay is given
by BRlj = 2 × 2/9 × 2/3 " 0.3. The total efficiency is
given by BRlj × εcut × εb ∼ 1%.

We estimate the statistical significance of our signal
by looking at the bump. An invariant tt̄ mass window
cut 0.85MKKG < Mtt̄ < 1.5MKKG is applied. The
lower bound corresponds roughly to the width. The
upper bound is not particularly important due to the
steep falloff in cross section. Below the MKKG thresh-
old, the signal+background distribution is actually be-
low the background one due to destructive interference.
Therefore, we choose an asymmetric mass window cut.
We estimate the ratio of the signal, S, to the statistical
error in the the background,

√
B, via our particle level

9 Note that, inside the mass window, the total momentum/energy
of each top quark in cm frame is roughly fixed at MKKG/2.

Agashe et al

Possible 
up to 4 TeV

Other “easy” signature: Gluonic resonances

pp → g� → tt̄

Expected to decay 
mainly into tops 
since they have a 

sizable coupling to 
the Strong Sector



Other issues:

• Dark Matter:

• Unification:

• Flavor physics:

• Proton decay:

• ...

• Neutrino masses:
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Conclusions
If Nature chooses Strong Dynamics 

to break EW symmetry, we will have to be patient.
It will take time to see:

1) Expected deviations on Higgs couplings
     but also on 3rd family couplings (maybe already seen)  
2) TeV-resonances.  Color fermion (Q=5/3) being the lightest

But when dealing with Strong Dynamics, 
as in the case of Superconductors and QCD, 

experiments have always been the driven force 
most of the time ahead of theory 

Similarly, we expect in the next years
LHC will take a crucial role !


