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Figure 1.1: Amplitude for the ! + ! ! ! ! + ! ! process in the s-channel obtained from the EW chiral Lagrangian
Eq. (1.7) as a function of the center of mass energy

"
s of the collision (solid curve). Also shown is the unitarity

bound |a0| ! 1 (dashed line).

Recall that the ! Õs can be regarded as the longitudinal polarizations of theW Õs in the limit

g, g! ! 0, and in fact the equivalence theorem states that at large energies compared tomW the

amplitude for the emission or absorption of the NGBs! is equal to the amplitude for emission or

absorption of a longitudinally polarized vector bosonWL [12]. In the particular case ofWL WL -

scattering:
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L ! W +
L W "

L ) " A (! + ! " ! ! + ! " ) =
s

2v2 (1 + cos " ) , (1.24)

for the case of the charged SU(2)L gauge bosons (" is the scattering angle). It is not di! cult to

understand why the amplitude grows with energyE 2 = s. The e" ective coupling of the interaction

term Eq. (1.23), # 1/v 2, has dimension of inverse mass squared, and by NDA we expectA #

E 2/v 2, since there are no other mass scales in the process. This behavior is intrinsically connected

to the fact that the Lagrangian Eq. (1.7) is not renormalizable, precisely in the sense that, when

expanded in powers of! /v , it contains operators of dimension larger than four. In Fig. 1.1

we show, as an example, how the amplitude of the elastic scattering of! + ! " in the s-channel

overcomes the unitarity bound at high energies [14]. The same arguments lead to the loss of

perturbative unitarity in the scattering with fermions, f øf ! WL WL [15].

The loss of perturbative unitarity signals the fact that the Lagrangian Eq. (1.6) has a cut-o"

# ! , above which our control is lost. # ! can also be thought of as the scale where the theory
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Figure 1.2: Amplitude for the ! + ! ! ! ! + ! ! process in thes-channel obtained from the Higgs model Lagrangian
Eq. (1.26) as a function of the center of mass energy

"
s of the collision (solid curve). Also shown is the unitarity

bound |a0| ! 1 (dashed line).

The new complex ÞeldH , dubbed the Higgs Þeld, has scaling dimension one and transforms as

(1, 2)1/2 under GSM . The Lagrangian Eq. (1.7), which encoded the mass of all the SM particles,

is then replaced by the ÒHiggs modelÓ mass Lagrangian

L H (µ = v) = |DµH |2 + V (H )

! Yu øqL (i ! 2)H ! uR ! YdøqL HdR ! Yeø"L HeR + h.c. ; (1.26)

V (H ) = ! m2
H |H |2 + #|H |4 , (1.27)

which, together with the kinetic terms in Eq. (1.3), make up what has been accepted as the

standard model of particle physics, for the reasons we explain below.

By a suitable choice of the parameters in the Higgs potentialV (H ), EWSB is realized as the

the Higgs Þeld acquiring a vacuum expectation value (VEV),"H # = v/
$

2, and v % 246 GeV.

Furthermore, gauge invariance forcesV (H ) to be accidentally invariant under the custodial

SU(2)L & SU(2)R symmetry, hence after EWSB the residual SU(2)C remains and the$-parameter

is safe from large tree-level corrections.7

More important is the fact that the SM Lagrangian can be extrapolated to arbitrarily high

energies without losing perturbative unitarity. This is linked to the fact that all operators we

have written down have mass dimension less or equal than four, i.e. we have kept relevant or

marginal operators only. This makes the Lagrangian fully renormalizable, since no couplings

with negative mass dimension are present.8 We show the behavior of thes-channel%+ %" -elastic-

7This can be understood by noticing that the potential can be rewritten, in terms of the Higgs components
H T = ( h2 + ih 1 h4 + ih 3), as V (H ) = # m2

Hh2
i + " h4

i , which is manifestly invariant under rotations of the 4-vector
#h = ( hi), i.e. under SO(4) $= SU(2)L %SU(2)R transformations. The VEV of H , &hi' = $4

i v/
"

2, is thereby invariant
under SO(3) $= SU(2)C rotations of its Þrst three components.

8The restoration of perturbative unitarity is e ↵ective as long as the Higgs boson mass,mh $
"

" v is below
$ 1 TeV. This just signals the fact that Higgs masses above this value need of a large quartic coupling " , beyond
the perturbative regime.

π π

ππ

h

Figure 1:

1 A

A(ππ → ππ) ∼
E2

v2

(

1 − c
2

V

)

1

WL

WL

WL

WL

=

! !

!!

+ O
!

m2
W

E2

"

Figure 1:

1 A

1

1.1 The Electroweak Scale 7

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

s !TeV"

#a
0$
p+
p-
Æ
p+
p-

%#

~ unitarity bound

Figure 1.1: Amplitude for the ! + ! ! ! ! + ! ! process in the s-channel obtained from the EW chiral Lagrangian
Eq. (1.7) as a function of the center of mass energy

"
s of the collision (solid curve). Also shown is the unitarity

bound |a0| ! 1 (dashed line).

Recall that the ! Õs can be regarded as the longitudinal polarizations of theW Õs in the limit

g, g! ! 0, and in fact the equivalence theorem states that at large energies compared tomW the

amplitude for the emission or absorption of the NGBs! is equal to the amplitude for emission or

absorption of a longitudinally polarized vector bosonWL [12]. In the particular case ofWL WL -

scattering:
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Some (fermionic and vector) resonances should be 
light & weakly coupled

π π

ππ

ρi

Figure 1:

1 A

W, Z

h

1

π π

ππ

ρi

Figure 1:

1 A

m∗=Ψ,ρ,σ < ΛS

Ψ

Oψ

Jµ

1

π π

ππ

ρi

Figure 1:

1 A

m∗=Ψ,ρ,σ < ΛS

Ψ

Oψ

Jµ

1

Arkani-Hamed, Cohen, Katz, Nelson ’02
Contino, Nomura, Pomarol ’04

E

π π

ππ

ρi

Figure 1:

1 A

ρµ

Aµ

L ⊃ gAµJµ

L ⊃ yψψJµ

f ! v

1

π π

ππ

ρi

Figure 1:

1 A

m! ! g! f

m! ! g! f

L " gAµJ µ

L " y" ψJ µ

f ! v

1

π π

ππ

ρi

Figure 1:

1 A

mρ ∼ gρf

mΨ ∼ gΨf

L ⊃ gAµJµ

L ⊃ yψψJµ

f ! v

1

π π

ππ

ρi

Figure 1:

1 A

WL, ZL

mρ ∼ gρf

mΨ ∼ gΨf

L ⊃ gAµJµ

L ⊃ yψψJµ

f ! v

1

light resonances masses and couplings

Figure 1:

1 A

B

X5/3

X8/3

W+
L

t

X5/3

& η

η

q

q̄

ηi=1,2,...

f ! v

1

π π

ππ

ρi

Figure 1:

1 A

W, Z

h

ΛS = 4πf

1

Monday, 29 September 14



Figu
re

1:

1
A

1

Generic features                                                                                                         .

! !

!!

" i

Figure 1:

1 A

m∗=T,ρ,σ < ΛS

W, Z

h

ΛS = 4! f

"

T

#

1

 ̄  ̄

e− e−

Z

Figure 1:

1 A

G /H

U(�) = exp

(

i�âT â
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Does a composite Higgs reproduce this?
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Potentials                                                                                                                    .

i) The Higgs mass parameter is tuned:

ii) The Higgs quartic is 1-loop size:
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‘Holographic’:
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for a sizable degree of compositeness of the top. Collective breaking then requires thatg⇤ must

not be much larger thangSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hencea = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16! 2/g 2
⇤).3 The collective breaking mechanism also ensures that the large

tree-level e! ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

¥ Loop-level mass and quartic: a = O(1), b= O(1), g⇤ ⌧ 4!
ÒHolographicÓ composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order" = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o! at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as

" = " µ2 ⇥ " � ⇠ (7 %)�1

!
f

1 TeV

" 2 !
g⇤p
Ncyt

" 4

. (3.3)

whereg2
SM ⇠ Ncy2

t has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of ÒweaklyÓ coupled resonances in the largeN regime, with

coupling g⇤ ⇠ 4! /
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e! ectively two-loop suppressed, and hence is not dominating even if it

is cut o! at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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Different realizations depending on quantum numbers of top under G, e.g.
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for a sizable degree of compositeness of the top. Collective breaking then requires thatg⇤ must

not be much larger thangSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.
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N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since
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for a sizable degree of compositeness of the top. Collective breaking then requires thatg⇤ must

not be much larger thangSM . In particular, this fact implies that the top/vector partners

must be weakly coupled.

Little Higgs models are chosen such that the collective breaking protects the Higgs mass

parameter hencea = O(1), while a tree-level quartic is generated by means of extra scalars

leading to b = O(16! 2/g 2
⇤).3 The collective breaking mechanism also ensures that the large

tree-level e! ective quartic does not lead to enhanced corrections to the Higgs mass term, the

so-called collective quartic [37].

¥ Loop-level mass and quartic: a = O(1), b= O(1), g⇤ ⌧ 4!
ÒHolographicÓ composite Higgs

This is the scenario where the entire Higgs potential is loop generated. These models need

one tuning in the Higgs potential of order" = v2/f 2 in order to achieve the right Higgs VEV

v < f . However, once this tuning is achieved, the Higgs mass will automatically be light.

Again the divergences in the Higgs potential are cut o! at the scale of the top and vector

partners. Thus, the generic tuning required in this case scales as

" = " µ2 ⇥ " � ⇠ (7 %)�1

!
f

1 TeV

" 2 !
g⇤p
Ncyt

" 4

. (3.3)

whereg2
SM ⇠ Ncy2

t has been taken.

These models were inspired by the AdS/CFT correspondence: some strongly interacting

theories can be described by weakly coupled AdS duals. The existence of such a dual is

intrinsically tied to the presence of ÒweaklyÓ coupled resonances in the largeN regime, with

coupling g⇤ ⇠ 4! /
p

N . One can include in this class of models their deconstructed [38]

versions as well, with several sites and links [39].

The holographic composite Higgs models also feature a version of collective breaking mech-

anism both in the gauge and fermion sectors, which is a consequence of extra-dimensional

locality (or theory-space locality, its discrete version for the deconstructed case) [40]. This

protection is generically absent in the scalar sector for the holographic Higgs. However since

the quartic is already loop-suppressed, the loop contribution to the Higgs mass from the Higgs

self-interaction will be e! ectively two-loop suppressed, and hence is not dominating even if it

is cut o! at a scale higher than the top/vector partners. The same will hold for contributions

3 These scalars get⇠ f/v larger mass terms than the Higgs, and can thus be consistently integrated out
for what the Higgs potential concerns.
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Different realizations depending on quantum numbers of top under G, e.g.
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However, light resonances are more difficult to obtain in explicit models (extra-d)
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Similar to Little Higgs (next)
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‘Little’:
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Same tuning as in ‘holographic’, different scaling with g*

Trick: Free (collective) quartic without mass term from Higgs partners = extra NGBs
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Same tuning as in ‘holographic’, different scaling with g*

Trick: Free (collective) quartic without mass term from Higgs partners = extra NGBs
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Most natural EWSB requires light and weakly coupled SM partners
(& maybe extra NGBs)
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Top-partners                                                                                                               .

(i) Fixed quantum numbers under unbroken group H = SO(4).

(ii) Representations related to top Yukawa, to cut-off Higgs potential.

Production
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! [fb] @ NNLO
pair production

M [GeV]
!

s = 7 TeV
!

s = 8 TeV
400 (0.920) 1.41" 103 (1.50) 2.30" 103

500 (218) 330 (378) 570
600 (61.0) 92.3 (113) 170
700 (19.1) 29.0 (37.9) 56.9
800 (6.47) 9.88 (13.8) 20.8
900 (2.30) 3.55 (5.33) 8.07
1000 (0.849) 1.33 (2.14) 3.27
1100 (0.319) 0.507 (0.888) 1.37
1200 (0.122) 0.196 (0.375) 0.585
1300 (4.62) 7.60" 10! 2 (0.160) 0.253

Table 2: Cross sections for the NNLO pair production of heavy fermions at
!

s = 7 , 8 TeV (the LO values
are in brackets), with HATHOR [ 28].

t

X
V

b

X
V

Figure 3: The single-production diagrams.

and for this reason it will not be reported here, however it is easily implemented in aMathematica
package.

The single production cross-sections are quadratic polynomials in the couplings, with coe! cients
that encapsulate the e" ect of the QCD interactions, the integration over the phase-space and the
convolution with the parton distribution functions. These coe! cients depend uniquely on the mass
of the partner and can be computed by Monte Carlo integration. Once the latter are known we obtain
semi-analytical formulae for the cross-sections. The production in association with theb is simply
proportional to g2

XbL
while the one with t would be, a priori, the sum of three terms proportional

to g2
Xt L

, g2
Xt R

and gXt L ágXt R which account, respectively, for the e" ect of the left-handed coupling,
of the right-handed one and of the interference among the two. However in the limit of massless
top quark, mt # mX , the processes mediated by the left-handed and by the right-handed couplings
become physically distinguishable because the anti-top produced in association withX will have
opposite chirality in the two cases. Therefore in the limit mt $ 0 the interference term can be
neglected. Moreover, the coe! cients of the gXt L

2 and gXt R
2 terms will be equal because the QCD
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Figure 4: In red dashed: the cross sections of pair production. In green and blue the single production of
the !T(in association with a b) and of the X 5/ 3(in association with a t), respectively in model M1 5 and M4 5.
The point chosen in the parameter space is! = 0 .2, c1 = 1 and y = 1. The value of c2 is Þxed, at each value
of M ! , in order to reproduce the top quark mass.

It total, all the single-production processes are parameterized in terms of 5 universal coe! cient
functions " W ± t , " Zt and " W ± b. Notice that a possible " Zb vanishes because ßavor-changing neutral
couplings are forbidden in the charge! 1/ 3 sector as explained in the previous section. As such,
the single production of the B in association with a bottom quark does not take place. We have
computed the coe! cient functions " W ± t and " W ± b, including the QCD corrections up to NLO,
using the MCFM code [33]. To illustrate the results, we report in Table 3 the single production
cross-section with coupling set to unity, for di" erent values of the heavy fermion mass, and for the 7
and 8 TeV LHC. The values in the table correspond to the sum of the cross sections for producing
the heavy fermion and its antiparticle, on the left side we show the results fort B production, on
the right one we consider the case ofb !T. In our parametrization of eq.s (3.3) and (3.4) the cross-
sections in the table correspond respectively to" W + t + " W ! t and to " W + b + " W ! b. We see that the
production with the b is one order of magnitude larger than the one with thet, this is not surprising
because thet production has a higher kinematical threshold and therefore it is suppressed by the
steep fall of the partonic luminosities. The values in the table do not yet correspond to the physical
single-production cross-sections, they must still be multiplied by the appropriate couplings.

The last coe! cient function " Zt cannot be computed in MCFM and therefore to extract it
we used a LO cross section computed withMadGraph 5 [34] using the model Þles produced
with FeynRules package [35]. To account for QCD corrections in this case we used the k-factors
computed with MCFM for the t B production process.

In order to quantify the importance of single production we plot in Þgure4 the cross-sections for
the various production mechanisms in our models as a function of the mass of the partners and for
a typical choice of parameters. We see that the single production rate can be very sizeable and that
it dominates over the QCD pair production already at moderately high mass. This is again due to
the more favorable lower kinematical threshold, as carefully discussed in Ref. [20].

Let us Þnally discuss the decays of the top partners. The main channels are two-body decays
to vector bosons and third-family quarks, mediated by the couplings in eq. (3.2). For the partners
of charge 2/ 3 and ! 1/ 3 also the decay to the Higgs boson is allowed, and competitive with the
others in some cases. This originates from the interactions of the partners with the Higgs reported
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the per mille level. This bound has strongly disfavored in the past Technicolor models and other

variants [11]. From the lagrangian of Eq. (11), we Þnd a deviation from the SMZbL
øbL coupling

given by
! gbL

gbL

=
(c(1)

L + c(3)
L )"

1 ! 2
3 sin2 #W

. (18)

For c(1) ,(3)
L " 1, as expected for a compositeqL , Eq. (18) gives a large deviation, excluded by the

present LEP data. This strong bound, however, can be evaded in certain custodial BSM models. As

pointed out in Ref. [7], the custodial symmetry implemented withPLR (that interchangesL # R)

can protect Zbøb from large deviations from its SM value. This occurs when the BSM Þeld that

couples tobL has the following isospin-left and isospin-right charge assignments [7]:

TL = TR = 1/ 2 , T3
L = T3

R = ! 1/ 2. (19)

In this case one Þnds, from integrating out the BSM sector,c(1)
L = ! c(3)

L , and therefore no contribu-

tions to Eq. (18) are generated. The only e! ect on Zbøb will arise from loops involving SM particles

(together with BSM states) that do not respect the custodial andPLR symmetry. We will comment

on these e! ects later on.

Assuming that Eq. (19) is fulÞlled, and that the operatorøQL " TR must be allowed to give masses

to the SM fermions, we are left with only two possible charge assignments for the statesQ and T

under SU(2)L $ SU(2)R$ U(1)X
2:

Q T
Case (a) (2, 2)2/ 3 (1, 1)2/ 3

Case (b) (2, 2)2/ 3 (1, 3)2/ 3 + ( 3, 1)2/ 3

(20)

In this article we will concentrate only on these two possibilities.

4.1 The !T parameter

With Zbøb under control at tree-level, the next important observable is theT-parameter. The

contribution to T arises from the higher-dimensional operator

cT

2f 2
|H   DµH |2 , !T = cT " , (21)

where we follow the notation of Ref. [12] in which theT-parameter is rescaled:!T = $T % T/ 129.

As we previously said,!T is zero at the tree-level by the custodial symmetry. Nevertheless, it can

2The extra global U(1)X symmetry of the BSM sector is needed to properly embed the hypercharge of the SM,
Y = T3

R + X .
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Production Decay

! [fb] @ NNLO
pair production

M [GeV]
!

s = 7 TeV
!

s = 8 TeV
400 (0.920) 1.41" 103 (1.50) 2.30" 103

500 (218) 330 (378) 570
600 (61.0) 92.3 (113) 170
700 (19.1) 29.0 (37.9) 56.9
800 (6.47) 9.88 (13.8) 20.8
900 (2.30) 3.55 (5.33) 8.07
1000 (0.849) 1.33 (2.14) 3.27
1100 (0.319) 0.507 (0.888) 1.37
1200 (0.122) 0.196 (0.375) 0.585
1300 (4.62) 7.60" 10! 2 (0.160) 0.253

Table 2: Cross sections for the NNLO pair production of heavy fermions at
!

s = 7 , 8 TeV (the LO values
are in brackets), with HATHOR [ 28].

t

X
V

b

X
V

Figure 3: The single-production diagrams.

and for this reason it will not be reported here, however it is easily implemented in aMathematica
package.

The single production cross-sections are quadratic polynomials in the couplings, with coe! cients
that encapsulate the e" ect of the QCD interactions, the integration over the phase-space and the
convolution with the parton distribution functions. These coe! cients depend uniquely on the mass
of the partner and can be computed by Monte Carlo integration. Once the latter are known we obtain
semi-analytical formulae for the cross-sections. The production in association with theb is simply
proportional to g2

XbL
while the one with t would be, a priori, the sum of three terms proportional

to g2
Xt L

, g2
Xt R

and gXt L ágXt R which account, respectively, for the e" ect of the left-handed coupling,
of the right-handed one and of the interference among the two. However in the limit of massless
top quark, mt # mX , the processes mediated by the left-handed and by the right-handed couplings
become physically distinguishable because the anti-top produced in association withX will have
opposite chirality in the two cases. Therefore in the limit mt $ 0 the interference term can be
neglected. Moreover, the coe! cients of the gXt L

2 and gXt R
2 terms will be equal because the QCD
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Figure 1: Pair production of T5/ 3 and B to same-sign dilepton Þnal states.

(section 4). Sections 5 and 6 present our main analysis: Þrst, we show the optimal cuts and
characterize the best observables for discovering the heavyT5/ 3 and B without making any
sophisticated reconstruction; then, we reconstruct theW and t candidates and pair them to
reconstruct theT5/ 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 ofthe speciÞc real-
ization of the new sector, we will adopt as a working example the Òtwo-siteÓ 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 theweakly-coupled sec-
tor of the elementary ÞeldsqL = ( 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 thetR in a
[(1, 3) ! (3, 1)]2/ 3 can be similarly worked out):

Q = ( 2, 2)2/ 3 =
!

T T5/ 3

B T2/ 3

"
, ÷T = ( 1, 1)2/ 3 , H = ( 2, 2)0 =

!
!  

0 ! +

" ! ! ! 0

"
. (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 compositechiralities):

L =øqL #" qL + øtR #" tR

+ Tr
# øQ (#" " MQ) Q

$
+ ø÷T (#" " M ÷T ) ÷T + Y" Tr { øQ H} ÷T + h.c

+ ! L øqL (T, B) + ! R øtR
÷T + h.c.

(2)
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Figure 4: In red dashed: the cross sections of pair production. In green and blue the single production of
the !T(in association with a b) and of the X 5/ 3(in association with a t), respectively in model M1 5 and M4 5.
The point chosen in the parameter space is! = 0 .2, c1 = 1 and y = 1. The value of c2 is Þxed, at each value
of M ! , in order to reproduce the top quark mass.

It total, all the single-production processes are parameterized in terms of 5 universal coe! cient
functions " W ± t , " Zt and " W ± b. Notice that a possible " Zb vanishes because ßavor-changing neutral
couplings are forbidden in the charge! 1/ 3 sector as explained in the previous section. As such,
the single production of the B in association with a bottom quark does not take place. We have
computed the coe! cient functions " W ± t and " W ± b, including the QCD corrections up to NLO,
using the MCFM code [33]. To illustrate the results, we report in Table 3 the single production
cross-section with coupling set to unity, for di" erent values of the heavy fermion mass, and for the 7
and 8 TeV LHC. The values in the table correspond to the sum of the cross sections for producing
the heavy fermion and its antiparticle, on the left side we show the results fort B production, on
the right one we consider the case ofb !T. In our parametrization of eq.s (3.3) and (3.4) the cross-
sections in the table correspond respectively to" W + t + " W ! t and to " W + b + " W ! b. We see that the
production with the b is one order of magnitude larger than the one with thet, this is not surprising
because thet production has a higher kinematical threshold and therefore it is suppressed by the
steep fall of the partonic luminosities. The values in the table do not yet correspond to the physical
single-production cross-sections, they must still be multiplied by the appropriate couplings.

The last coe! cient function " Zt cannot be computed in MCFM and therefore to extract it
we used a LO cross section computed withMadGraph 5 [34] using the model Þles produced
with FeynRules package [35]. To account for QCD corrections in this case we used the k-factors
computed with MCFM for the t B production process.

In order to quantify the importance of single production we plot in Þgure4 the cross-sections for
the various production mechanisms in our models as a function of the mass of the partners and for
a typical choice of parameters. We see that the single production rate can be very sizeable and that
it dominates over the QCD pair production already at moderately high mass. This is again due to
the more favorable lower kinematical threshold, as carefully discussed in Ref. [20].

Let us Þnally discuss the decays of the top partners. The main channels are two-body decays
to vector bosons and third-family quarks, mediated by the couplings in eq. (3.2). For the partners
of charge 2/ 3 and ! 1/ 3 also the decay to the Higgs boson is allowed, and competitive with the
others in some cases. This originates from the interactions of the partners with the Higgs reported
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Figure 2: The typical spectrum of the top partners.

nature of the Higgs and it would be generically violated, as previously discussed, if this assumption
was relaxed. This result also depends ontR being a composite singlet. IftR was instead a partially
composite state mixing to a non-trivial representation of SO(5) (for instance a 5) there would be
additional entries in the mass matrix. 8 In a sense our result depends ony being the only relevant
parameter that breaks SO(5) explicitly.

Once the mass-matrix has been put in the block-diagonal form of eq. (2.17) it is straightforward
to diagonalize it and to obtain exact formulae for the rotation matrices and for the masses of the
top and of the T partner. However the resulting expressions are rather involved and we just report
here approximate expressions for the masses. We have

mt !
c2y f
"

2

g!!
g2

! + y2
sin !

"
1 + O

#
y2

g2
!

"
$%

,

mT !
!

M 2
! + y2f 2

&

1 #
y2

'
g2

! + (1 # c2
2)y2

(

4
'
g2

! + y2
( 2 sin2 ! + . . .

)

. (2.18)

From the above equation we obtain the correct order of magnitude for the top mass if, as anticipated,
y $ yt and g! ! 1. In this region of the parameter space the corrections to the approximate formulae
are rather small, being suppressed by both a factory2/g 2

! (which is preferentially smaller than one)
and by " % 1. However we will consider departures from this theoretically expected region and
therefore we will need to use the exact formulae in the following sections.

Similarly we can study the sector of# 1/ 3 charge states. It contains a masslessbL , because we
are not including the bR in our model, plus the heavyB particle with a mass

mB =
!

M 2
! + y2f 2 . (2.19)

This formula is exact and shows that the bottom sector does not receive, in this model, any con-
tribution from EWSB. By comparing the equation above with the previous one we Þnd that the

8The top partnerÕs spectrum with partially composite tR has been worked out in Ref. [11, 10].
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! Two-body decay modes:

! Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
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In summary, a search for an exotic top partner with charge 5/3 in same-sign dileptonic events
has been performed using 19.5 fb�1 of data collected by the CMS experiment at

p
s = 8 TeV.

No signiÞcant excess is observed in the data above the expected standard model background.
An upper bound at the 95% conÞdence level is set on the production cross section of heavy
top-quark partners assuming a 100% branching fraction for the decay T 5/3 ! tW, and masses
below 800 GeV are excluded. This is the Þrst limit on T 5/3 production from the LHC and it is
signiÞcantly more restrictive than the 365 GeV limit set by previous searches.

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other CMS
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detector provided by the following funding agencies: BMWF and FWF (Austria); FNRS and
FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN; CAS,
MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES (Croatia); RPF (Cyprus); MoER,
SF0690030s09 and ERDF (Estonia); Academy of Finland, MEC, and HIP (Finland); CEA and
CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT (Greece); OTKA and NKTH
(Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); NRF and WCU
(Republic of Korea); LAS (Lithuania); CINVESTAV, CONACYT, SEP, and UASLP-FAI (Mex-
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and NSF (USA).

11

ties related to the PDFs used to model the hard scattering of the proton-proton collisions are
determined to be negligible.

The observed and expected limits for the nominal branching fractions are shown in Figure 6.
The observed limit is slightly higher than expected because there are slightly more events ob-
served than expected in the high tail of the BDT distribution from single-lepton events with
at least one W jet and in the multilepton channels. We set a lower limit at the mass of the T
quark where the observed cross section limit and the predicted T-quark production cross sec-
tion intersect. To model the BDT discriminant distribution expected for different values of the
T-quark branching fractions we weight the contributions from the six signal samples according
to the branching fractions. The lower limits for the T-quark mass measured for the different
sets of branching fractions are listed in Table 5 and represented graphically in Fig. 7.
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Figure 6: Observed and expected 95% confidence level upper limits for the T-quark production
cross section for the nominal branching fractions into bW, tH, tZ of 50%, 25%, 25%, respectively.
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the T-quark mass. Every point in the triangle corresponds to a specific set of branching-fraction
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cross section for branching ratio into into tW, bH, and bZ of 50%, 25%, and 25%, respectively.Figure 6: CMS bounds on spin 1/2 top partners after run 1. Left: the bound on the charge 5/3 top partner

from [204], middle: the bound on the charge 2/3 singlet from [205], right: the bound on the charge! 1/3
singlet bottom partner from [206].

The 95% CL Þnal run 1 bounds from CMS using" 20 fb! 1 luminosity at 8 TeV are shown in

Fig. 6: mT5/3
& 800 GeV left panel [204],mT2/3

& 700 GeV for the singlet, middle panel [205],

m ÷B & 700 GeV right panel [206], where÷B is singlet under SU(2)L, thus BR( ÷B # Zb) $

BR( ÷B # hb) $ BR( ÷B # W ! t)/ 2. The references also contain limits for Ònon-standardÓ

branching ratios.

The most recent ATLAS bounds are for slightly lower luminosity" 14 fb! 1 at 8 TeV, yield-

ing somewhat milder bounds. The ATLAS analyses are organized by collider signatures and

thus they apply to several top partners: lepton plus jets corresponding to mainlyT2/3 # ht

is found in [207], andT2/3 # W + b is in [208], same-sign dileptons corresponding to all pos-

sible kinds ofT2/3 and B decays (singlets and doublets under SU(2)L) [209], andZ plus jets

corresponding mainly toT2/3 # Zt and B # Zb decays (singlets as well as doublets) can be

found in [210]. These analyses also provide limits as a function of branching ratios.

Future hadron colliders are expected to signiÞcantly improve the sensitivity to the various

spin 1/2 partners. In Table 5 we have summarize the estimated sensitivities as collected in

Table 1-15 of [211] (based on the analysis of [212]) for the 14 TeV LHC and a 33 TeV upgrade

of it. Studies for bounds on top partners at 100 TeV hadron colliders are currently being

performed.
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W , Z, h branching fractions to the required final state. The e⇥ciencies listed in the first column of

the table can be directly compared with the ones of Ref. [42], we have checked that the discrepancy

is around 25% which corresponds to approximately 1.5⇤ of the signal uncertainty obtained in the

Ref. [42].

We see in Table 8 that the e⇥ciency for the single production with the b is extremely low, below

1 h. This is because the single production signal (see Figure 3) is characterized by three leptons

plus one hard (b) jet from the top decay, plus one forward jet from the virtual W emission and a b

from the gluon splitting. But the gluon splitting is enhanced in the collinear region, therefore the

b-jet emitted from the gluon is also preferentially forward and with low pT . In order for the event

to pass the selection cut, that requires at least two jets with pT > 25 GeV and |�| < 2.4, at least

one of the two preferentially forward jets must be central and hard enough, implying a significant

reduction of the cross-section. However this is not yet the dominant e�ect, the main reduction of the

signal is due to the cut RT > 80 GeV discussed before. Indeed RT is computed without including

the two hardest leptons and the two hardest jets, which in our case means, since we have only 3

leptons and typically only 2 jets, that the momentum of the softest lepton must be above 80 GeV.

Therefore in the end the signal is completely killed. The situation is better for the single production

with the t since one typically has more particles produced in this case and therefore the e⇥ciencies

are comparable with the ones of pair production.

The situation is better for the single production with the t, the e⇥ciencies are comparable with

the ones of pair production (see Table 8). However, we have seen in section 3.3 (see fig. 7) that

the rate of pair production is typically larger than the one of single production with the top, in the

relevant mass range. Since the e⇥ciencies are comparable we do not expect a sizable contribution
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5 Conclusions

In this paper we described an approach to systematically construct the low-energy e! ective la-
grangian for the lighest colored fermion multiplet related to the UV completion of the top quark
sector: the top partner. Our construction is based on robust assumptions, as concerns symmetries,
and on plausible assumptions, as concerns the dynamics. Our basic dynamical assumption, following
Ref. [4], is that the electroweak symmetry breaking sector, or at least the fermionic sector, is broadly
decribed by a couplingg! and a mass scalem! . This assumption implies a well deÞnite power count-
ing rule. In particular the derivative expansion is controlled by inverse powers ofm! . In the technical
limit where the top partner multiplet " , is parametrically much lighter than the rest of the spectrum
(M ! " m! ), our power counting provides a weakly coupled e! ective lagrangian description of the
phenomenology of" . The basic idea is that, in this case, the e! ects of the bulk of the unknown
spectrum at the scalem! can be systematically described by an expansion in powers ofM ! /m ! . The
lagrangian obtained in this limit deÞnes our simpliÞed description of the top parters. One should
however keep in mind that the most likely physical situation is one wherem! # M ! $ M ! , where
an e! ective lagrangian is formally inappropriate. In practice, however, we expect it to be more
than adequate for a Þrst semi-quantitative description of the phenomenology and certainly to assess
experimental constraints. The comparison with explicit constructions supports this expectation.

As concerns the symmetries of the strong sector, we considered the minimal composite Higgs
based on theSO(5)/SO (4) coset. Furthermore we focussed on the simplest possibility where the
right-handed top quark tR is itself a composite fermion. The leading source of breaking ofSO(5) is
thus identiÞed with top quark Yukawa coupling yt . In our construction, we have fully exploited the
selection rules obtained by treatingyt as a small spurion with deÞnite transformation properties. For
instance the structure of the mass spectrum and the couplings are greatly constrained by symmetry
and selection rules. In particular the pNGB nature of the Higgs doublet implies the couplings
originating from the strong sector are purely derivative: at high energy, or for heavy on-shell fermions,
these couplings are e! ectively quite sizeable and yet they do not a! ect the spectrum even accounting
for %H & '= 0. If the Higgs were not treated as a pNGB a large trilinear would be associated with a
large Yukawa coupling and the spectrum would necessarily be a! ected when%H & '= 0.
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Bellazzini, Csaki, JS ’14

Extra NGB’s                                                                                                                 .

G H C NG r H = r SU(2) ! SU(2) (r SU(2) ! U(1) ) Ref.
SO(5) SO(4) ! 4 4 = ( 2, 2) [11]

SU(3) ! U(1) SU(2) ! U(1) 5 2± 1/ 2 + 10 [10,35]
SU(4) Sp(4) ! 5 5 = ( 1, 1) + ( 2, 2) [29,47,64]
SU(4) [SU(2)]2 ! U(1) ! " 8 (2, 2)± 2 = 2 á(2, 2) [65]
SO(7) SO(6) ! 6 6 = 2 á(1, 1) + ( 2, 2) "
SO(7) G2 ! " 7 7 = ( 1, 3) + ( 2, 2) [66]
SO(7) SO(5) ! U(1) ! " 10 100 = ( 3, 1) + ( 1, 3) + ( 2, 2) "
SO(7) [SU(2)]3 ! " 12 (2, 2, 3) = 3 á(2, 2) "
Sp(6) Sp(4) ! SU(2) ! 8 (4, 2) = 2 á(2, 2) [65]
SU(5) SU(4) ! U(1) ! " 8 4# 5 + ø4+ 5 = 2 á(2, 2) [67]
SU(5) SO(5) ! " 14 14 = ( 3, 3) + ( 2, 2) + ( 1, 1) [9,47,49]
SO(8) SO(7) ! 7 7 = 3 á(1, 1) + ( 2, 2) "
SO(9) SO(8) ! 8 8 = 2 á(2, 2) [67]
SO(9) SO(5) ! SO(4) ! " 20 (5, 4) = ( 2, 2) + ( 1 + 3, 1 + 3) [34]

[SU(3)]2 SU(3) 8 8 = 10 + 2± 1/ 2 + 30 [8]
[SO(5)]2 SO(5) ! " 10 10 = ( 1, 3) + ( 3, 1) + ( 2, 2) [32]

SU(4) ! U(1) SU(3) ! U(1) 7 3# 1/ 3 + ø3+ 1/ 3 + 10 = 3 á10 + 2± 1/ 2 [35,41]
SU(6) Sp(6) ! " 14 14 = 2 á(2, 2) + ( 1, 3) + 3 á(1, 1) [30,47]

[SO(6)]2 SO(6) ! " 15 15 = ( 1, 1) + 2 á(2, 2) + ( 3, 1) + ( 1, 3) [36]

Table 1: Symmetry breaking patterns G # H for Lie groups. The third column denotes whether the
breaking pattern incorporates custodial symmetry. The fourth column gives the dimensionNG of the coset,
while the Þfth contains the representations of the GBÕs underH and SO(4) $= SU(2)L ! SU(2)R (or simply
SU(2)L ! U(1)Y if there is no custodial symmetry). In case of more than two SU(2)Õs inH and several di! erent
possible decompositions we quote the one with largest number of bi-doublets.

in turn contains the previous SU(2)! U(1)). This ensures that the actual custodial SU(2)C
is left unbroken after the Higgs gets its VEV, avoiding excessively large contributions to the

T-parameter of order$ v2/f 2. In this case the coset must contain a 4-plet representation of

SO(4) (that is a 4 = ( 2, 2) of SU(2) ! SU(2)). In Table 1 we have introduced the columnC

to mark the cases with custodial symmetryH % SU(2) ! SU(2), with ! , while for the cases

with only H % SU(2)! U(1) this column is left blank. Notice however, that if there are GBÕs

in addition to the single Higgs which are charged under SU(2)! SU(2), such as extra doublets

or triplets (under either of the two SU(2)Õs), the SU(2)C does not generically remain unbroken

when all the scalars get a VEV. In such a case SO(4) is not large enough, and extra SU(2)Õs

or extra discrete symmetries are required to ensure an unbroken custodial symmetry. When

there are additional SU(2)Õs, misaligned VEVÕs can be allowed if a large enough ÒcustodialÓ

symmetry is present for SU(2)C to remain unbroken in the vacuum, while for the case with dis-

crete symmetries, the extra parities must enforce vanishing VEVÕs for the additional scalars.

15

If top-partners are colored: QCD pair production

Could there be any other decays?

Only likely extra light states = NGB’s

Figure 1:

1 A

c!! / !

(3, 3)2/ 3

q = +
8
3

, á á á

WL , ZL =

øt/ øb

W +
L /Z L , h

b/t

1

Figure 1:

1 A

12/ 3 = ( 1, 1)2/ 3 (1)

42/ 3 = ( 2, 2)2/ 3 (2)

62/ 3 = ( 3, 1)2/ 3 + ( 1, 3)2/ 3 (3)

92/ 3 = ( 3, 3)2/ 3 (4)

q = 2/ 3

q = 5/ 3, á á á

q = 8/ 3, á á á

T, X2/ 3, ÷T

42/ 3

T

!

1

Figure 1:

1 A

12/ 3 = ( 1, 1)2/ 3 (1)

42/ 3 = ( 2, 2)2/ 3 (2)

62/ 3 = ( 3, 1)2/ 3 + ( 1, 3)2/ 3 (3)

92/ 3 = ( 3, 3)2/ 3 (4)

q = 2/ 3

q = 5/ 3, á á á

q = 8/ 3, á á á

T, X2/ 3, ÷T

42/ 3

T

! X

1

Monday, 29 September 14



SO(6)/SO(5) = SU(4)/Sp(4)

The Next to Minimal Composite Higgs Model

NMCHM                                                                                                                      .
simplest non-minimal model
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NMCHM                                                                                                                      .
singlet mass

Assumption about explicit breaking:

Figure 1:
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Even if top contributes to eta mass:
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Kinematics allows top-partners to decay to singlet (plus tops)

SO(6)

not an accident, symmetries
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Also possible:

NMCHM                                                                                                                      .
singlet decays

If light as before:

If heavy from tops:
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Model dependent
keep an open mind
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Summary                                                                                                                     .

A pseudo-Goldstone boson Higgs is a viable candidate for the EW scale

a n d !! !

It requires light & weakly coupled top-partners

b u t ! ! !

It is tuned at < 10% due to experimental bounds:

top-partner searches

s o !! !

we should make sure we do not miss e.g. important decays
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Thank you for your attention

NP: Themes
1. Necessity for new particles at TeV mass

2. Candidate TeV particles
weakly coupled: SUSY, Dark Matter, Long-lived
strongly coupled/composite: Randall-Sundrum, KK 
and ZÕ resonances, long-lived particles
evolution of robust search strategies

3. Connection to dark matter problem

4. Connection to flavor issues

the questions of Þne tuning 
and dark matter are still open

118

New particle searches at the current LHC.

current LHC searches

CMS Exotics Searches 

5!

q* (qg), dijet
q* (qW)
q* (qZ) 

q* , dijet pair
q* , boosted Z

e*, !  = 2 TeV
" *, !  = 2 TeV

0 1 2 3 4 5 6
ZÕSSM (ee, µµ)

ZÕSSM (##)
ZÕ (tt hadronic) width=1.2%

ZÕ (dijet)
ZÕ (tt lep+jet) width=1.2%

ZÕSSM (ll) fbb=0.2
G (dijet)

G (ttbar hadronic)
G (jet+MET) k/M = 0.2

G ($$) k/M = 0.1
G (Z(ll)Z(qq)) k/M = 0.1

WÕ (l%)
WÕ (dijet)

WÕ (td)
WÕ!  WZ(leptonic)

WRÕ (tb)
WR, MNR=MWR/2

WKK "  = 10 TeV
&TC, ' TC > 700 GeV

String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (qqbar)

gluino, 3jet, RPV

0 1 2 3 4 5 6
gluino, Stopped Gluino

stop, HSCP
stop, Stopped Gluino

stau, HSCP, GMSB
hyper-K, hyper- &=1.2 TeV

neutralino, c#<50cm

0 1 2 3 4 5 6

Ms, $$, HLZ, nED = 3
Ms, $$, HLZ, nED = 6
Ms, ll, HLZ, nED = 3
Ms, ll, HLZ, nED = 6

MD, monojet, nED = 3
MD, monojet, nED = 6
MD, mono-$, nED = 3
MD, mono-$, nED = 6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2

MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2

MBH, Quantum BH, MD=3TeV, nED = 2

0 1 2 3 4 5 6Sh. Rahatlou 1

LQ1, ( =0.5
LQ1, ( =1.0
LQ2, ( =0.5
LQ2, ( =1.0

LQ3 (b%), Q=±1/3, ( =0.0
LQ3 (b#), Q=±2/3 or ±4/3, ( =1.0

stop (b#)

0 1 2 3 4 5 6

bÕ !  tW, (3l, 2l) + b-jet

qÕ, bÕ/tÕ degenerate, Vtb=1
bÕ !  tW, l+jets

BÕ !  bZ (100%)
TÕ !  tZ (100%)

tÕ !  bW (100%), l+jets
tÕ !  bW (100%), l+l

0 1 2 3 4 5 6
C.I. !  , )  analysis, ! + LL/RR
C.I. !  , )  analysis, ! - LL/RR

C.I., µµ, destructve LLIM
C.I., µµ, constructive LLIM

C.I., single e (HnCM)
C.I., single µ (HnCM)

C.I., incl. jet, destructive
C.I., incl. jet, constructive

0 5 10 15

95% CL EXCLUSION LIMITS (TEV)CMS EXOTICA

*similar results obtained by ATLAS!

ATLAS Supersymmetry Searches 

4!*similar results obtained by CMS!

119

Monday, 29 September 14


