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Naturalness in nature?

- Example: low energy QCD resonances: pion .... 



- m𝜋 ∼ 100 MeV. 



- Naturalness requires Λ ≈ GeV.



Indeed, at GeV, QCD ⇒ theory of quark and gluon



Pion is not elementary.

π± π±

γ

γ

δm2
π± ≃ e2

16π2
Λ2



“Learning” from QCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...



“Learning” from QCD

- Construct a new strong dynamics in which the low 
lying states will be the SM Higgs. 



- Composite Higgs models. Still a natural theory.



- Nature may be more interesting, but it could also 
just repeat itself. 

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

⇒ new strong dynamics, 

symmetry breaking

⇒ SM Higgs



Composite Higgs

Many models in this class. 



- Similar scenarios: Randall-Sundrum...

100 GeV W, Z, Higgs

TeV More composite resonaces

New constituents? q′ g′

W ′, Z ′, ...

LHC

⇢ : m⇢ ' g⇢f, ...

g⇢ � 1



Composite Higgs

- Higgs boson (and WL  ZL) NGB of symmetry 
breaking G/H. 



- Small explicit symmetry breaking (involving 
external fields) generates Higgs potential. (NGB ➜ 
pNGB).

  

In presence of an approximate global symmetry the Higgs could be a pseudo-GB

Higgs (and W/Z goldstones) are part 

of the strong sector 

The external fields are the SM 

quarks and (transverse) gauge bosons

The couplings to the SM sector break the shift symmetry 

and generate a potential at 1-loop.

(Ambitious) tasks
● Find a realistic global symmetry breaking
● Generate EWSB radiatively and achieve a Higgs boson of 125 GeV
● Consistency with precision data (& reach phenomenology in direct searches)
● Have a prediction on the scale of the resonances
● Minimize the fine-tuning

Composite Higgs modelsComposite Higgs models Georgi Kaplan '80s

...

Contino, Pomarol



Minimal composite Agashe, Contino, Pomarol

  

The first prediction is a shift in the Higgs couplings

● Large f, SM-limit
● f=v, Technicolor-limit

The lowest-energy lagrangian (below mρ) is highly constrained by G/H

Writing the pion lagrangian and introducing the gauging with minimal substitution we get,

Agashe, Contino, Pomarol

is determined dynamically

The Minimal Composite HiggsThe Minimal Composite Higgs

LHC data suggest

f>500 GeV

M
W

= (g f/2) sin θ

  

The first prediction is a shift in the Higgs couplings

● Large f, SM-limit
● f=v, Technicolor-limit

The lowest-energy lagrangian (below mρ) is highly constrained by G/H

Writing the pion lagrangian and introducing the gauging with minimal substitution we get,

Agashe, Contino, Pomarol

is determined dynamically

The Minimal Composite HiggsThe Minimal Composite Higgs

LHC data suggest

f>500 GeV

M
W

= (g f/2) sin θ

First prediction: deviation in Higgs coupling



Spin-1 resonances

m⇢ ⇠ g⇢f

then decompose into SU(2)L ⇥ U(1)Y multiplets as

6 ! 3
0

+ 1
0

+ 1±, (1)

where the subscript indicates the hypercharge. The SU(2)L triplet 3
0

corresponds to both neutral

and charged states which we label ⇢0 and ⇢±, respectively (see [10] for a study of the phenomenol-

ogy). The masses of the vectors are degenerate and are only split by hypercharge e↵ects, after

electroweak symmetry breaking, on the order of (g0/g⇢)2.

The other vectors 1
0

and 1±, neutral under SU(2)L, are also present and are approximately

mass degenerate with the triplet when SO(4) is unbroken in the strong sector. We label these

states as ⇢0B and ⇢±C , respectively. In simplified discussions they are often omitted because their

interactions with the standard model are subleading in g0/g. We include them in our discussion for

completeness.

Unlike the interactions between the composite vectors and standard model (longitudinal) vec-

tors, the interactions between composite vectors and standard model fermions do not originate

purely in the strong sector and proceed through the mixing between the composite and elementary

states, like vector meson dominance in QCD. The vector mixing is of order g/g⇢ which induces a

coupling of g2/g⇢ between the composite vectors and standard model fermions (as shown in Fig. 1).

In the standard picture of compositeness this is not the only contribution to the composite vector

coupling with standard model fermions; there is also a contribution from the partial compositeness

of the standard model quarks. This is a mechanism to give mass to chiral fermions and is a linear

mixing between standard model elementary quarks and the composite vector-like fermions.

For the sake of our discussion, it is only important to notice that the chiral standard model

fermions are given by a linear combination of an elementary and composite state with mixing given

by the angle sin�f
L,R where the species label f allows for each fermion to have a di↵erent degree of

compositeness (we will frequently use the shorthand sL,f = sin�f
L and cL,f = cos�f

L). The mixings

are then constrained to reproduce the correct Yukawa couplings

yf =
m
 

f
sin�f

L sin�f
R. (2)

Above, m
 

is the characteristic mass of the composite fermions. Thus, the coupling between

standard model fermions and vector resonances receives contributions both from vector mixing and

from fermion mixing, with the fermion mixing contribution proportional to g⇢ sin2 �L,R, depending

on the chirality of the current.

These are summarized pictorially in Fig. 1.

2.2 Summary of the interactions and benchmark models

The qualitative description above is summarized quantitatively in Table 1. The table shows that

vector resonances couple to standard model vectors with a strength g⇢. The couplings to standard

model fermions, however, are more complicated. Starting with the ⇢0,± we see that it only couples

to the left handed currents. The interactions with quarks has a term g2/g⇢ from vector mixing and

g⇢s
2

L,q from fermion mixing.

4

SO(4)⇥ U(1)X = SU(2)L ⇥ SU(2)R ⇥ U(1)X Y = T 3
R +X

Spin-1 resonance in 6 of SO(4)
G/H = SO(5)/SO(4)

Under this,  spin-1 res.  decompose as 

⇢L : ⇢0, ⇢± ⇢B ⇢±C



ρ coupling to h, WL , ZL

- h, WL ZL  composite, large coupling to ρ. 

ballpark to produce the resonances with an acceptable rate.

In the minimal composite Higgs model [13] , there are colored top partners with masses

correlated with the Higgs mass and in the range of 600 to 800 GeV, although higher masses

are possible. Partly motivated by the null result of such top partners at the LHC, a class

of Composite twin Higgs models with light color neutral top partners have been proposed

[14, 15]. In particular, in the scenario emphasized in Ref. [15], the vector resonance can be

as light as 2 TeV, making it an interesting target for LHC searches. In comparison with the

minimal composite Higgs model, the main di↵erence in the absence of the decay channel into

the colored top partner. This makes the di-boson signal even more prominent in the composite

twin Higgs models.

Minimal composite Higgs [13] Zbb [16]

In this paper, we give a detailed discussion on the LHC signals of the composite vector

resonances. We discuss production rates and all possible decay channels with an emphasis on the

di-boson channel. We also take into account all constraints including precision measurements

from LEP, and direct searches at the LHC. In addition to considering the general parameter

space, we also give detailed discussion in the case the mass of the vector resonance is around 2

TeV.

The rest of the paper is organized as follows

2 The basic framework

In this section we introduce the various aspects that compromise a composite Higgs model.

In order to describe the TeV-scale phenomenology we expand the Lagrangian keeping only

renormalizable operators. Various composite models can then be matched to this Lagrangian

through the coe�cients.

The Higgs is a pseudo Nambu Goldstone boson from the breaking of a global symmetry

at a scale f > v. The minimal model is SO(5)/SO(4) [13, 17] which can be described in four

dimensions as a two or three-site model [18, 19] or using the CCWZ formalism (for examples,

see []).

⇢
W±

L , ZL, h

W±
L , ZL, h

⇠ g⇢

 qL, uR, dR

⇠ y

Figure 1. Left: Coupling between composite vectors ⇢ and the longitudinal modes of W±
L , ZL and

the Higgs boson. Right: Mixing between elementary and composite fermions.
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In addition to these classes, we also look at two possibilities of the relation between m⇢ and

g⇢f . We define the parameter cH as

cH =
m2

⇢

g2⇢f
2

. (4)

In the two-site model we have that cH = 1/2, but we also consider the case when cH = 1.

3 E↵ective description

In this section we review the interactions that describe the interactions between the composite

vector and both standard model fermions and standard model vectors. The full Lagrangian is

shown in App. A. Additionally, while the discussion in this section takes places in the electroweak

symmetric limit for simplicity, all numerical results presented in this work use the appropriate

equations after electroweak symmetry breaking.

3.1 Low energy interactions

The form of the interaction between the ⇢ triplet and fermions is

L � �
✓
g2

g⇢
� aLg⇢s

2

L,f

◆
⇢aµJ

µa, (5)

where the left compositeness sL,f is di↵erent for each type of fermion f . We assume elementary

leptons and a U(2) flavor symmetry which means we have only two parameters sL,t controlling the

third generation left compositeness and sL,q which controls the lighter quarks. For leptons sL = 0.

Note that the current only includes left handed fermions

Jµa =
X

f

f̄L�
µ⌧afL. (6)

Standard model fermions do not couple to ⇢±C , while both the left and right currents couple to the

⇢B with couplings that can be read from Table 1.

The interaction between the ⇢ and standard model vectors comes from mixing due to electroweak

symmetry breaking. It is simpler to see, however, through the interaction between the ⇢ and the

Goldstone modes from the operator

L � ig⇢cH⇢aµ(H
†⌧aDµH � (DµH)†⌧aH). (7)

The Higgs doublet H contains the physical Higgs h, but also the Goldstone modes of the W± and

Z, ⇡± and ⇡0, respectively.

H =

✓
⇡+,

1p
2
(v + h+ i⇡0)

◆
. (8)

As shown in Table 1 the strength of the coupling is g⇢.

7



Partial compositeness

- Mixing angles not completely fixed. 



- For example, for top quark, the mixing should be 
large, O(1).



Top quark heavy because it is composite. 

The low energy resonances are spin-1 vectors broadly characterized by a mass m⇢ ⇠ g⇢f

and a sizable coupling g⇢ to particles in the composite sector such as the longitudinal modes

W±
L , ZL, and the Higgs, as shown in the left panel of Fig. 1. All the other resonances, especially

the fermionic ones are expected at a scale m⇤ = g⇤f with g⇢ < g⇤ . 4⇡. With the symmetry

breaking pattern SO(5)/SO(4), the lowest lying vector modes are in the 6 of SO(4). The global

symmetry SO(4) = SU(2)L ⇥ SU(2)R is also explicitly broken by the SM gauge symmetry

SU(2)L. (talk about U(1) here). The SM model weak gauge couplings are denoted by g and

g0. Under the SM SU(2) ⇥ U(1)Y , the composite vectors transform as 30(⇢L) and 10,±(⇢R).

Similar to the vector meson dominance in QCD, the composite vectors mix with the SM gauge

boson with mixing g/g⇢. The masses of the composite vectors are approximately degenerate,

broken only by SM gauge interactions, on the order of g2(g02)/g2⇢.

An important ingredient in viable composite Higgs models is the partial compositeness of

the standard model quarks. This is a mechanism to give mass to chiral fermions and is a

linear mixing between standard model elementary quarks and composite vector-like fermions,

as shown in the right panel of Fig. 1. Schematically, the Lagrangian is

Lpc = �m  ̄ � yLf(q̄L + h.c.)� yR(ūL + h.c.). (1)

The degree of compositeness can vary for the left and right chiralities of quarks and is given by

sin�L,R ⌘ yL,Rq
(m /f)2 + y2L,R

. (2)

The standard model Yukawa couplings are then

yf =
m 

f
sin�f

L sin�
f
R, (3)

where the label f has been added to allow for each fermion to have a di↵erent degree of

compositeness. This is relevant in our study of vectors because the composite fermions couple

directly to the composite vectors. The coupling between standard model fermions and vector

resonances therefore receives a contribution both from vector mixing and from fermion mixing.

The limit of sin�f
R = 1 corresponds to right compositeness where the right handed fermions

are fully composite. We will be interested in exploring the parameter space near this region

where the degree of left compositeness is solved to be

sin�f
L =

1

sin f
R

yff

m 
. (4)

In standard composite Higgs light fermion resonances are required to achieve the observed Higgs

mass [20].1

Putting this together we can summarize the coupling between the composite vectors and

the SM states in Table 1 and Fig. 2.

1There are some models, namely the 14+ 1 [] and X [] which can obtain the correct Higgs mass, at the price
of fine tuning.

3

ballpark to produce the resonances with an acceptable rate.

In the minimal composite Higgs model [13] , there are colored top partners with masses

correlated with the Higgs mass and in the range of 600 to 800 GeV, although higher masses

are possible. Partly motivated by the null result of such top partners at the LHC, a class

of Composite twin Higgs models with light color neutral top partners have been proposed

[14, 15]. In particular, in the scenario emphasized in Ref. [15], the vector resonance can be

as light as 2 TeV, making it an interesting target for LHC searches. In comparison with the

minimal composite Higgs model, the main di↵erence in the absence of the decay channel into

the colored top partner. This makes the di-boson signal even more prominent in the composite

twin Higgs models.

Minimal composite Higgs [13] Zbb [16]

In this paper, we give a detailed discussion on the LHC signals of the composite vector

resonances. We discuss production rates and all possible decay channels with an emphasis on the

di-boson channel. We also take into account all constraints including precision measurements

from LEP, and direct searches at the LHC. In addition to considering the general parameter

space, we also give detailed discussion in the case the mass of the vector resonance is around 2

TeV.

The rest of the paper is organized as follows

2 The basic framework

In this section we introduce the various aspects that compromise a composite Higgs model.

In order to describe the TeV-scale phenomenology we expand the Lagrangian keeping only

renormalizable operators. Various composite models can then be matched to this Lagrangian

through the coe�cients.

The Higgs is a pseudo Nambu Goldstone boson from the breaking of a global symmetry

at a scale f > v. The minimal model is SO(5)/SO(4) [13, 17] which can be described in four

dimensions as a two or three-site model [18, 19] or using the CCWZ formalism (for examples,

see []).

⇢
W±

L , ZL, h

W±
L , ZL, h

⇠ g⇢

 qL, uR, dR

⇠ y

Figure 1. Left: Coupling between composite vectors ⇢ and the longitudinal modes of W±
L , ZL and

the Higgs boson. Right: Mixing between elementary and composite fermions.
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Let us rename the elementary fields with hats, qL ! bqL, uR ! buR, QL ! bQL, and ŨR ! b̃UR. The

left handed quarks are then found with the rotation

bqL = ctLqL � stLQL,

bQL = stLqL + ctLQL,
stL ⌘ yLq

(m
4

/f)2 + y2L

, ctL ⌘ m
4

/fq
(m

4

/f)2 + y2L

, (38)

and similarly for the right handed quarks

buR = ctRuR � stRŨR,

b̃UR = stRuR + ctRŨR,
stR ⌘ yRq

(m
1

/f)2 + y2R

, ctR ⌘ m
1

/fq
(m

1

/f)2 + y2R

. (39)

In our simplified parameter space these are used as

sin�L,R ⌘ yL,Rq
(m

 

/f)2 + y2L,R

. (40)

A.3 Vector interactions

Having derived the rotations and specified the Lagrangian in Eq. (28) we can now perform the

rotations and derive the interactions in the physical basis (before electroweak symmetry breaking).

The interactions that emerge can be divided into two pieces: the SU(2)L triplet Lagrangian and

the singlet Lagrangian (i.e. the SU(2)R triplet). The triplet Lagrangian is [10]

L
triplet

=� 1

4
D

[µ⇢
a
⌫]D

[µ⇢⌫] a +
m2

⇢

2
⇢aµ ⇢µa

+ ig⇢c̄H⇢aµH
†⌧a

$
D

µ

H + g2⇢c⇢⇢HH⇢aµ⇢
µaH†H

+
g2

g⇢
c
3

⇢aµJ
µa
3

+
g2

g⇢
cq⇢

a
µJ

µa
q +

g2

g⇢
c`⇢

a
µJ

µa
`

� g

2
c⇢⇢W ✏abcW

µ⌫a⇢bµ⇢
c
⌫ +

g⇢
2
c⇢⇢⇢✏abc⇢

a
µ⇢

b
⌫D

[µ⇢⌫] c � g2⇢
4
c⇢⇢⇢⇢✏abe✏cde⇢

a
µ⇢

b
⌫⇢

µc⇢⌫d.

(41)

The coe�cients in our two-site model are

c̄H = cH +O (g2/g2⇢) =
1

2
+O (g2/g2⇢) , c⇢⇢HH = O (g2/g2⇢) ,

c
3

= �(1� s2L,tg
2
⇢/g2) +O (g2/g2⇢) , c⇢⇢W = 1,

cq = �(1� s2L,qg
2
⇢/g2) +O (g2/g2⇢) , c⇢⇢⇢ = �1 +O (g2/g2⇢) ,

c` = �1 +O (g2/g2⇢) , c⇢⇢⇢⇢ = 1 +O (g2/g2⇢) .

(42)

The covariant derivative on ⇢ is defined as

D
[µ⇢

a
⌫] ⌘ Dµ⇢

a
⌫ �D⌫⇢

a
µ, Dµ⇢

a
⌫ ⌘ @µ⇢

a
⌫ + g✏abcW b

µ⇢
c
⌫ , (43)

and the operator ig⇢c̄H⇢aµH
†⌧a

$
D

µ

H is

ig⇢c̄H⇢aµH
†⌧a

$
D

µ

H = ig⇢c̄H⇢aµ(H
†⌧aDµH � (DµH)†⌧aH). (44)

24
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Partial compositeness

- Mixing angles not completely fixed. 



- For example, for top quark, the mixing should be 
large, O(1).



Top quark heavy because it is composite. 

The low energy resonances are spin-1 vectors broadly characterized by a mass m⇢ ⇠ g⇢f

and a sizable coupling g⇢ to particles in the composite sector such as the longitudinal modes

W±
L , ZL, and the Higgs, as shown in the left panel of Fig. 1. All the other resonances, especially

the fermionic ones are expected at a scale m⇤ = g⇤f with g⇢ < g⇤ . 4⇡. With the symmetry

breaking pattern SO(5)/SO(4), the lowest lying vector modes are in the 6 of SO(4). The global

symmetry SO(4) = SU(2)L ⇥ SU(2)R is also explicitly broken by the SM gauge symmetry

SU(2)L. (talk about U(1) here). The SM model weak gauge couplings are denoted by g and

g0. Under the SM SU(2) ⇥ U(1)Y , the composite vectors transform as 30(⇢L) and 10,±(⇢R).

Similar to the vector meson dominance in QCD, the composite vectors mix with the SM gauge

boson with mixing g/g⇢. The masses of the composite vectors are approximately degenerate,

broken only by SM gauge interactions, on the order of g2(g02)/g2⇢.

An important ingredient in viable composite Higgs models is the partial compositeness of

the standard model quarks. This is a mechanism to give mass to chiral fermions and is a

linear mixing between standard model elementary quarks and composite vector-like fermions,

as shown in the right panel of Fig. 1. Schematically, the Lagrangian is

Lpc = �m  ̄ � yLf(q̄L + h.c.)� yR(ūL + h.c.). (1)

The degree of compositeness can vary for the left and right chiralities of quarks and is given by

sin�L,R ⌘ yL,Rq
(m /f)2 + y2L,R

. (2)

The standard model Yukawa couplings are then

yf =
m 

f
sin�f

L sin�
f
R, (3)

where the label f has been added to allow for each fermion to have a di↵erent degree of

compositeness. This is relevant in our study of vectors because the composite fermions couple

directly to the composite vectors. The coupling between standard model fermions and vector

resonances therefore receives a contribution both from vector mixing and from fermion mixing.

The limit of sin�f
R = 1 corresponds to right compositeness where the right handed fermions

are fully composite. We will be interested in exploring the parameter space near this region

where the degree of left compositeness is solved to be

sin�f
L =

1

sin f
R

yff

m 
. (4)

In standard composite Higgs light fermion resonances are required to achieve the observed Higgs

mass [20].1

Putting this together we can summarize the coupling between the composite vectors and

the SM states in Table 1 and Fig. 2.

1There are some models, namely the 14+ 1 [] and X [] which can obtain the correct Higgs mass, at the price
of fine tuning.
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ballpark to produce the resonances with an acceptable rate.

In the minimal composite Higgs model [13] , there are colored top partners with masses

correlated with the Higgs mass and in the range of 600 to 800 GeV, although higher masses

are possible. Partly motivated by the null result of such top partners at the LHC, a class

of Composite twin Higgs models with light color neutral top partners have been proposed

[14, 15]. In particular, in the scenario emphasized in Ref. [15], the vector resonance can be

as light as 2 TeV, making it an interesting target for LHC searches. In comparison with the

minimal composite Higgs model, the main di↵erence in the absence of the decay channel into

the colored top partner. This makes the di-boson signal even more prominent in the composite

twin Higgs models.

Minimal composite Higgs [13] Zbb [16]

In this paper, we give a detailed discussion on the LHC signals of the composite vector

resonances. We discuss production rates and all possible decay channels with an emphasis on the

di-boson channel. We also take into account all constraints including precision measurements

from LEP, and direct searches at the LHC. In addition to considering the general parameter

space, we also give detailed discussion in the case the mass of the vector resonance is around 2

TeV.

The rest of the paper is organized as follows

2 The basic framework

In this section we introduce the various aspects that compromise a composite Higgs model.

In order to describe the TeV-scale phenomenology we expand the Lagrangian keeping only

renormalizable operators. Various composite models can then be matched to this Lagrangian

through the coe�cients.

The Higgs is a pseudo Nambu Goldstone boson from the breaking of a global symmetry

at a scale f > v. The minimal model is SO(5)/SO(4) [13, 17] which can be described in four

dimensions as a two or three-site model [18, 19] or using the CCWZ formalism (for examples,

see []).
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Figure 1. Left: Coupling between composite vectors ⇢ and the longitudinal modes of W±
L , ZL and

the Higgs boson. Right: Mixing between elementary and composite fermions.
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Let us rename the elementary fields with hats, qL ! bqL, uR ! buR, QL ! bQL, and ŨR ! b̃UR. The

left handed quarks are then found with the rotation

bqL = ctLqL � stLQL,

bQL = stLqL + ctLQL,
stL ⌘ yLq

(m
4

/f)2 + y2L

, ctL ⌘ m
4

/fq
(m

4

/f)2 + y2L

, (38)

and similarly for the right handed quarks

buR = ctRuR � stRŨR,

b̃UR = stRuR + ctRŨR,
stR ⌘ yRq

(m
1

/f)2 + y2R

, ctR ⌘ m
1

/fq
(m

1

/f)2 + y2R

. (39)

In our simplified parameter space these are used as

sin�L,R ⌘ yL,Rq
(m

 

/f)2 + y2L,R

. (40)

A.3 Vector interactions

Having derived the rotations and specified the Lagrangian in Eq. (28) we can now perform the

rotations and derive the interactions in the physical basis (before electroweak symmetry breaking).

The interactions that emerge can be divided into two pieces: the SU(2)L triplet Lagrangian and

the singlet Lagrangian (i.e. the SU(2)R triplet). The triplet Lagrangian is [10]

L
triplet

=� 1

4
D

[µ⇢
a
⌫]D

[µ⇢⌫] a +
m2

⇢

2
⇢aµ ⇢µa

+ ig⇢c̄H⇢aµH
†⌧a

$
D

µ

H + g2⇢c⇢⇢HH⇢aµ⇢
µaH†H

+
g2

g⇢
c
3

⇢aµJ
µa
3

+
g2

g⇢
cq⇢

a
µJ

µa
q +

g2

g⇢
c`⇢

a
µJ

µa
`

� g

2
c⇢⇢W ✏abcW

µ⌫a⇢bµ⇢
c
⌫ +

g⇢
2
c⇢⇢⇢✏abc⇢

a
µ⇢

b
⌫D

[µ⇢⌫] c � g2⇢
4
c⇢⇢⇢⇢✏abe✏cde⇢

a
µ⇢

b
⌫⇢

µc⇢⌫d.

(41)

The coe�cients in our two-site model are

c̄H = cH +O (g2/g2⇢) =
1

2
+O (g2/g2⇢) , c⇢⇢HH = O (g2/g2⇢) ,

c
3

= �(1� s2L,tg
2
⇢/g2) +O (g2/g2⇢) , c⇢⇢W = 1,

cq = �(1� s2L,qg
2
⇢/g2) +O (g2/g2⇢) , c⇢⇢⇢ = �1 +O (g2/g2⇢) ,

c` = �1 +O (g2/g2⇢) , c⇢⇢⇢⇢ = 1 +O (g2/g2⇢) .

(42)

The covariant derivative on ⇢ is defined as

D
[µ⇢

a
⌫] ⌘ Dµ⇢

a
⌫ �D⌫⇢

a
µ, Dµ⇢

a
⌫ ⌘ @µ⇢

a
⌫ + g✏abcW b

µ⇢
c
⌫ , (43)

and the operator ig⇢c̄H⇢aµH
†⌧a

$
D

µ

H is

ig⇢c̄H⇢aµH
†⌧a

$
D

µ

H = ig⇢c̄H⇢aµ(H
†⌧aDµH � (DµH)†⌧aH). (44)
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composite fermion with the same gauge 
quantum numbers as SM fermion.
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⇢L,aµ g⇢
g2

g⇢
(c2�L

�
g2⇢
g2

s2�L
)⌧a – –

g2

g⇢
⌧a –

⇢Bµ g⇢ (1/6)g⇢s2�L
(2/3)

g02

g⇢
c2�Ru

(�1/3)
g02

g⇢
c2�Rd

– (�1/2)
g02

g⇢

⇢c,±µ g⇢ – – – – –

Table 1. SU(2)⇥ U(1) invariant coupling of the composite fields to SM currents. Here we are

assuming composite fermions in the 5 fo SO(5). need to make changes to reflect CCWZ

The interactions in table 1 explicitly show what we have already discussed in the Intro-

duction, i.e. that, in absence of a large degree of compositeness of the quarks, the leading

coupling of the ⇢’s is to the (longitudinal) W and Z, making composite Higgs model a really

motivated benchmark for Diboson production. The coupling arises from the term ig⇢⇢µH† ~DµH.

In this limit, the main decay channels for ⇢L,a = (⇢L,±, ⇢L,0) and ⇢B,0 are, ⇢L,± ! W±
L ZL,W±h,

⇢L,0 ! W+
L W�

L , ZLh and ⇢B ! W+
L W�

L , ZLh respectively.

In general a sizeable degree of compositeness of the quarks might change the above descrip-

tion, the leptons instead are taken to be approximately “elementary”. This is certainly true for

the tt̄ and t̄b decay channel, given the sizeable degree of compositeness required to reproduce

the top Yukawa in eq.(??). However, in some flavor symmetric composite models (see []), at

least one chirality of the lighter quarks could be rather large. This might be an interesting

possibility to modify the total rate �(pp ! ⇢), however this has to face indirect constraints

from other observables. If the large mixing is associated to left-handed currents LEP provided

bounds on Rh and Rb that reflects on the modified couplings in (5), if the large compositeness

is in the right-handed mixings the strongest constraints usually comes from dijet searches, both

in mass and angular distributions.

A final comment is related to the possible decay of ⇢ to at least one composite fermions.

While this is true in general, with interesting phenomenological consequences [], here we do not

consider this possibility.

4

ρ mixes with W/Z
mixing angle: g/gρ ρ couples to composite

fermion first, which mixes
with SM fermion.
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Figure 1. Couplings between composite vectors ⇢ and the longitudinal components of standard model
vectors (left) and standard model fermions (right).

In the couplings of vector resonances to the left handed currents we include an extra parameter

aL, which is common to di↵erent generations. In the concrete two-site model (reviewed both in

App. A and more fully in the appendix of [45]), aL = 1. However, more generally, it is a free

parameter in the CCWZ parametrization (for example see [38]). By default we will discuss the

two-site case when aL = 1, but in certain cases we will present results for the flipped sign aL = �1

case. As can be seen from Table 1 choosing aL = �1 can avoid cancellations in the resonance

coupling to quarks which would otherwise lead to very small rates.

V V , V h q̄L�
µqL ūR�

µuR d̄R�
µdR ¯̀

L�
µ`L ēR�

µeR

⇢0,± g⇢ �g2

g⇢
(1� aL

g2⇢
g2

s2L,q)⌧
a – – �g2

g⇢
⌧a –

⇢0B g⇢ �1

6

g02

g⇢
(1 + 3aL

g2⇢
g02

s2L,q) �2

3

g02

g⇢

1

3

g02

g⇢

1

2

g02

g⇢

g02

g⇢

⇢±C g⇢ – – – – –

Table 1. Summary of SU(2)L⇥ U(1)Y invariant couplings between vector resonances and standard model
fermions qL, uR, and dR, massive gauge bosons V , and Higgs boson h at leading order in g/g⇢ (and g0/g⇢).

Regarding the expected size of the mixing angles, only the top must have a sizable degree of

compositeness. The reason is that in standard composite Higgs light top partners are required (i.e.

m
 

' f) in order to achieve the observed Higgs mass which leads to sin�tL,R ⇠ 1 according to

Eq. (2). While it is conceivable that the top mixings can be made smaller at the price of tuning,

it is interesting to note that at least the top left mixing can be naturally small in the composite

twin Higgs scenario. The other quarks usually have small mixing angles. In this paper, we explore

several limits, paying attention to possible precision constraints. We omit any lepton mixing in the

table as we treat them as elementary.

It is interesting to note that the mixing of the left handed fermions has a much larger e↵ect

than that of the right handed fermions because the vector phenomenology is primarily determined

by the ⇢0,±. The right handed fermions only couple with the SU(2)L singlet ⇢0B. Moreover, given

the composite scenario under consideration, there is no dependence on the right handed mixing

5



Excess around 2 TeV?
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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Composite spin-1 vector?
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Figure 7: Expected and observed 95% CL limits on the production cross section as a function of
the resonance mass for (upper left) qW resonances, (upper right) qZ resonances, and (bottom)
WZ resonances, compared to their predicted cross sections for the corresponding benchmark
models.

tainties are removed.

7 Summary

An inclusive sample of multijet events corresponding to an integrated luminosity of 19.7 fb�1,
collected in pp collisions at

p
s = 8 TeV with the CMS detector, is used to measure the W/Z-

tagged dijet mass spectrum for the two leading jets, produced within the pseudorapidity range
|h| < 2.5 with a separation in pseudorapidity of |Dh| < 1.3. The generic multijet background
is suppressed using jet-substructure tagging techniques that identify vector bosons decaying
into qq’ pairs merged into a single jet. In particular, the invariant mass of pruned jets and the
N-subjettiness ratio t21 of each jet are used to reduce the initially overwhelming multijet back-
ground. The remaining background is estimated through a fit to smooth analytic functions.



Some features of the “excess”
- Data is confusing, no clear picture. 



- Large-ish rate. 5-10 fb. 



- Not seen else where. Diboson is the leading 
channel.



- “Usual” gauge boson. 


Di-lepton and single lepton limits < 1 fb. 



L-R models. 



- Scalar? 


Rate small. BR to WZ small.



Decay of composite spin-1 res.

- BR to diboson is large. Suppressed fermion 
coupling. Could have large rate.



c.f., usual gauge boson, small BR to diboson. 



- Suppressed fermion coupling ➜ suppress di-lepton 
mode.
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Figure 2. Branching ratios for the ⇢0. These are plotted for m⇢ = 2 TeV, but the variation with mass is
negligible. The branching ratios for ⇢± are correlated. In particular, BR(W±Z) = BR(W+W�), BR(tb̄) =
2BR(tt̄) = 2BR(bb̄), and BR(`±⌫) = 2BR(`+`�). On the left we show elementary fermions (solid) and a
composite top with sL,t = 0.5 (dashed). On the right we show sL,q = 0.15 with sL,t = 0.4 (solid) and
sL,q = 0.15 with sL,t = 0.1 (dashed) corresponding to the standard composite Higgs and composite twin
Higgs benchmarks, respectively.

searches can be sensitive to these scenarios.
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For g⇢ ' g one can see that dilepton and single lepton with missing energy searches can be con-

straining. We also see that for large enough sL,t constraints from tt̄ and tb̄ searches are relevant.

While this suggests that dijet constraints can be relevant for larger sL,q, we will see that precision

electroweak constraints are much stronger than dijet searches.

Figure 2 contrasts the branching ratios for the di↵erent scenarios we have outlined in Sec. 2 to

provide some intuition into the results in Sec. 4.

4 Possible signals in 8 TeV LHC data

Recently, ATLAS has reported an excess of 3.4� in the WZ channel of a boson tagged dijet

search [1]. The related channels WW and ZZ, di↵ering by the jet mass selection, accordingly

found excesses of 2.6� and 2.9�, respectively. Due to the di�culty of distinguishing hadronically

decaying W ’s and Z’s these channels are correlated and the 2 TeV resonance could conceivably be

neutral or charged or a multiplet of states as we consider.
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Figure 2. Branching ratios for the ⇢0. These are plotted for m⇢ = 2 TeV, but the variation with
mass is negligible. The branching ratios for ⇢± are correlated to those of ⇢0 as shown in Eq. (11). In
particular, BR(W±Z) = BR(W+W�) = BR(Zh) = BR(W+h), BR(tb̄) = 2BR(tt̄) = 2BR(bb̄), and
BR(`±⌫) = 2BR(`+`�). On the left we show elementary fermions (solid) and a composite top with sL,t = 0.5
(dashed). On the right we show sL,q = 0.15 with sL,t = 0.4 (solid) and sL,q = 0.15 with sL,t = 0.1 (dashed)
corresponding to the standard composite Higgs and composite twin Higgs benchmarks, respectively.
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straining. We also see that for large enough sL,t constraints from tt̄ and tb̄ searches are relevant.

While this suggests that dijet constraints can be relevant for larger sL,q, we will see that precision

electroweak constraints are much stronger than dijet searches.

Figure 2 contrasts the branching ratios for the di↵erent scenarios we have outlined in Sec. 2 to

provide some intuition into the results in Sec. 4.

4 Possible signals in 8 TeV LHC data

Recently, ATLAS has reported an excess of 3.4� in the WZ channel of a boson tagged dijet

search [1]. The related channels WW and ZZ, di↵ering by the jet mass selection, accordingly

found excesses of 2.6� and 2.9�, respectively. Due to the di�culty of distinguishing hadronically

decaying W ’s and Z’s these channels are correlated and the 2 TeV resonance could conceivably be

neutral or charged or a multiplet of states as we consider.
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Constraints other than di-boson
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Figure 6. “Composite quarks (composite twin Higgs).” Diboson rate contours rate for m⇢ = 2 TeV and
cH = 1/2 (left) and cH = 1 (right). The y-axis varies the degree of left compositeness of the (uL, dL) and
(cL, sL) multiplets. The compositeness of the (tL, bL) multiplet is fixed at sin�t

L = 0.1.

final state ATLAS CMS

`+`� 0.2 fb [3] 0.25 fb [4]

`± /ET 0.9 fb [66] 0.4 fb [67]

tb̄ 120 fb [68] 100 fb [69]

tt̄ 50 fb [70] 20 fb [71]

jj 130 fb [72] 100 fb [73]

Table 2. Upper limits (at 95% CL) on the cross-section �⇥BR of a 2 TeV vector decaying to various final
states.

ratios, these two channels happen to constrain parameter space almost identically, so we show only

the dilepton bound on the figures for simplicity. From Eq. (10), we see that to evade the lepton

constraints it is su�cient to have g⇢ & 2.5 for cH ' 1. This constraint becomes slightly weaker

as the quarks become more composite because the production rate decreases, as can be seen in

Figs. 4, 5, and 6.

Like the pair of dilepton and single lepton bounds, the tt̄ and tb̄ bounds constrain parameter

space in the same way. They are not strong enough to constrain any of the plotted parameter

space, but they rule out the composite quark parameter space for large g⇢ and large sL,q. These

constraints are always weaker than those from coupling distortions, which are discussed below.

Dijet searches are also not constraining in our plotted parameter space. These constraints can

be meaningful if the dijet branching ratio is very large, like for small g⇢ and large sL,q, or if the

production rate is very large, like for large g⇢ and large sL,q. Again, coupling distortions are always

more constraining.
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Can still be relevant

Not as strong



Indirect constraints



Higgs coupling.

- Higgs couplings. 


f > 500-600 GeV > v.  Some fine tuning seems 
unavoidable.

4.3 Indirect constraints

In this section we discuss the most relevant bounds including Higgs couplings, electroweak param-

eters, distortions of W and Z couplings, flavor, and searches for compositeness.

Higgs couplings

Composite Higgs models predict deviations of the Higgs to standard model particles. While the

deviation of Higgs couplings to fermions is dependent on the embeddings of the fermions, the

couplings to vectors comes universally from the choice of coset. In both the minimal composite

Higgs and composite twin Higgs models the couplings are predicted to be

chV V =

s

1� v2

f2

cSMhV V , (15)

where cSMhV V is the coupling predicted in the standard model alone. Current measurements constrain

the deviation to be . 10% leading to a bound on f of [31, 32]

f > 550 GeV, (16)

that appears in all the plots of this section. Shown in the figures is actually a bound on g⇢ given

that we have imposed the relation of Eq. (4). The high luminosity run of the LHC is expected to

increase the bound on f to 800 GeV [74].

Electroweak parameters

Integrating out the composite spin-1 resonances generates a tree-level contribution to the S pa-

rameter of the size ⇠ 4⇡v2/m2

⇢. Given the measured value of S = 0.05± 0.11 [75], taken alone this

bound dictates that m⇢ & 2 TeV. In composite Higgs models S and T also receive 1-loop correc-

tions that are sizable and proportional to cS,T /(16⇡)(v2/f2) log(m⇢/mh) where cS,T is a calculable

coe�cient [76]. Taking into account the high correlation between S and T , the bounds on m⇢ and

f are strengthened to the multi-TeV and TeV regions, respectively. It is however possible to have

UV corrections that relax those bounds to m⇢ ' 2 TeV and f ' 600 GeV [77] (note the latter is

comparable to the bound on f from Higgs couplings).

In the model with partially composite fermions, UV corrections can relax the bounds thanks to

sizable contributions to the T parameter. In the two-site model used in this paper, we expect (see

[30] for a review of possible contributions) a positive correction �T ⇠ Ncy
2

t /(16⇡
2)(s2L,t/s

2

R,t)(v
2/f2),

that might relax the bound.

While a composite spin-1 resonance of 2 TeV is at the edge what is allowed by precision tests,

possible UV contributions make it di�cult to say this definitively. We believe that a more ro-

bust bound, free from many incalculable e↵ects from the strong sector, will be provided by the

forthcoming direct exploration at the 13 TeV LHC.
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Figure 10: Limits in the plane (m⇢(m⇢), ⇠) for Scenario 2 with a⇢ = 1 and ⇤ = 3m⇢(m⇢). The

parameter ⇠ controls the degree of vacuum misalignment and is related to the decay constant f as in

Eq. (4.48): ⇠ ⌘ sin2 ✓ = (v/f)2. The brown and orange curves are obtained by fixing respectively

↵
2

g2⇢ = 1/8 and 1/4 at the scale µ = m⇢; the black curve refers to the case ↵
2

(⇤) = 0 and

corresponds to the limit shown in the right plot of Fig. 8. The region below each curve is allowed at

95% CL. The dotted blue lines are isocurves of constant g⇢(m⇢), and the blue region corresponds

to g⇢(m⇢) > 4⇡.

5 Conclusions

In this paper we have computed the 1-loop contribution to the electroweak parameters ✏
1,2,3

arising from spin-1 resonances in a class of SO(5)/SO(4) composite Higgs theories. We

performed our analysis by giving a low-energy e↵ective description of the strong dynamics

in terms of Nambu-Goldstone bosons and lowest-lying spin-1 resonances (⇢L and ⇢R), these

latter transforming as an adjoint representation of the unbroken SO(4). We provided a

classification of the relevant operators by including the custodially-breaking e↵ects arising

from the external gauging of hypercharge. A detailed discussion was given of the so-called

‘hidden local symmetry’ description of the spin-1 resonances, where their longitudinal po-

larizations are parametrized in terms of the NG bosons from a larger coset. This was useful

to analyze a particular limit, noticed by Ref. [22], in which the theory acquires a larger
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Tree level S-parameter

S ⇠ 4⇡v2

m2
⇢

One loop to S and T
1

16⇡2

v2

f2
log(m⇢/mh)

Additional UV contribution
parameterized by general CCWZ 

Distortions of W and Z couplings

Electroweak symmetry breaking induces non-universal corrections to the couplings between W/Z’s

and standard model fermions. We write the interaction between the Z and a quark q as

L =
g

cos ✓w
Zµq̄�

µ[(gSMqL + �gqL)PL + (gSMqR + �gqR)PR]q, (17)

where the standard model couplings are

gSMqL = T 3

L �Q sin2 ✓w, gSMqR = �Q sin2 ✓w. (18)

As seen in Table 1 left handed quarks couple the strongest to vector resonances which means the

left handed couplings give rise to the tightest constraints on quark compositeness. Corrections to

�gqL and �gqR are constrained by measurements of Rh, Rb, and the unitarity (of the first row) of

the CKM matrix.

Quark compositeness induces a correction of

�gqL = cqLs
2

L,q

v2

f2

, (19)

with a correction of the same form for right handed quarks and for couplings to W ’s. The size

of the coe�cients cqL are model dependent, but if the composite sector and mixings respects an

approximate left-right symmetry some of these corrections can be highly suppressed [78].

The two-site model we use largely respects the left-right symmetry. In particular, at leading

order in the mixings, we have cuR = cdL = cdR = 0. Notice that the coupling Zbb̄ is protected,

which strongly relaxes the bound from Rb, which would otherwise be very constraining given that

bL has the same mixing as the tL.

The above protection is not at work for the left handed up-type quarks. If the light up-type

quarks have a large mixing, the bounds from Rh and CKM unitarity are still present (for example

see [79]). At leading order they are correlated being both proportional to �guL . Following [54], we

consider the 2� bound

�guL =
1

4

v2

f2

s2L,u < 0.5⇥ 10�3. (20)

In practice, one can achieve a smaller coe�cient (i.e. a weaker bound) in front of the coupling

modification by changing the parameters of the fermionic contribution.

Flavor bounds

In the figures describing the composite top scenario we have shown constraints that bound the left

mixing of the top. The origin of this bound can be understood from the fact that we always expect

to generate four-fermion operators of the form [53,54]4

L � c0
4

(V ⇤
3iV3j)

2C2

ij

s4L,t
f2

(d̄iL�
µdjL)(d̄

i
L�µd

j
L) (21)

4
At the least the 6 of vectors can generate them. The fermion dependent part of the right diagram of Fig. 1 can

generate the e↵ective interaction. The non-trivial flavor structure arises in the quark physical mass basis.
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Figure 3. “Elementary fermions.” Diboson rate form⇢ = 2 TeV with elementary fermions for cH = 1 (solid)
and cH = 1/2 (dashed). Bounds from dilepton searches are shown (green) as are bounds from modifications
to Higgs couplings (blue). As emphasized in the text, this should only be considered as a toy example since
it corresponds to the limit of massless fermions.

Elementary fermions

We start with the baseline case of no fermion compositeness where the fermion couplings come

universally from vector mixing. As presented in [12], one finds a sizable diboson rate that passes

direct constraints for 2 . g⇢ . 3.5. We show this in Fig. 3 for cH = 1. One additionally sees that

choosing instead cH = 1/2, as in the two-site model, allows for the range of 2.5 . g⇢ . 5, albeit

with a lower overall rate.

Given this as a benchmark, there are two relevant questions brought up by fermion partial

compositeness. The first is whether including fermion compositeness can still accommodate the

diboson excess in reasonable regions of parameter space. This is crucial because full composite

Higgs models require fermion mixing for fermion masses. The second is whether including fermion

compositeness opens up new parameter space for smaller couplings g⇢ . 2, or allows for larger rates

at larger couplings g⇢ ' 4� 5.

Composite top

Allowing for the top to be composite, but keeping the other quarks as elementary yields the same

production cross-section as the elementary fermions scenario. The di↵erence in diboson rates is

only due to a diluted branching ratio to dibosons because of the larger coupling to tops, which

gets an additional contribution proportional to sL,t (see Table 1). The results are shown in Fig. 4.

Notice that the x-axis corresponds to the elementary fermion scenario.

Including a substantial mixing of the left handed top, one would expect a smaller diboson rate,

which is the case for sL,t & 0.5. Below these values there are regions where the diboson rates

11

1 fb

1 fb7 fb

7 fb

15 fb

3 fb
3 fb

10 fb

1 2 3 4 5 6
0

0.1

0.2

0.3

gr

si
n
f L

c H = 0.5

Lepton Higgs

dguL

1 fb

1 fb10 fb

10 fb
3 fb3 fb15 fb

1 2 3 4 5
0

0.1

0.2

0.3

gr

si
n
f L

c H = 1.0

Lepton Higgs

dguL

Figure 6. “Composite quarks (composite twin Higgs).” Diboson rate contours rate for m⇢ = 2 TeV and
cH = 1/2 (left) and cH = 1 (right). The y-axis varies the degree of left compositeness of the (uL, dL) and
(cL, sL) multiplets. The compositeness of the (tL, bL) multiplet is fixed at sin�t

L = 0.1.

final state ATLAS CMS

`+`� 0.2 fb [3] 0.25 fb [4]

`± /ET 0.9 fb [66] 0.4 fb [67]

tb̄ 120 fb [68] 100 fb [69]

tt̄ 50 fb [70] 20 fb [71]

jj 130 fb [72] 100 fb [73]

Table 2. Upper limits (at 95% CL) on the cross-section �⇥BR of a 2 TeV vector decaying to various final
states.

ratios, these two channels happen to constrain parameter space almost identically, so we show only

the dilepton bound on the figures for simplicity. From Eq. (10), we see that to evade the lepton

constraints it is su�cient to have g⇢ & 2.5 for cH ' 1. This constraint becomes slightly weaker

as the quarks become more composite because the production rate decreases, as can be seen in

Figs. 4, 5, and 6.

Like the pair of dilepton and single lepton bounds, the tt̄ and tb̄ bounds constrain parameter

space in the same way. They are not strong enough to constrain any of the plotted parameter

space, but they rule out the composite quark parameter space for large g⇢ and large sL,q. These

constraints are always weaker than those from coupling distortions, which are discussed below.

Dijet searches are also not constraining in our plotted parameter space. These constraints can

be meaningful if the dijet branching ratio is very large, like for small g⇢ and large sL,q, or if the

production rate is very large, like for large g⇢ and large sL,q. Again, coupling distortions are always

more constraining.
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m⇢ =
p
cHg⇢f

mρ fixes to be 2 TeV

In addition to these classes, we also look at two possibilities of the relation between m⇢ and

g⇢f . We define the parameter cH as

cH =
m2

⇢

g2⇢f
2

. (4)

In the two-site model we have that cH = 1/2, but we also consider the case when cH = 1.

3 E↵ective description

In this section we review the interactions that describe the interactions between the composite

vector and both standard model fermions and standard model vectors. The full Lagrangian is

shown in App. A. Additionally, while the discussion in this section takes places in the electroweak

symmetric limit for simplicity, all numerical results presented in this work use the appropriate

equations after electroweak symmetry breaking.

3.1 Low energy interactions

The form of the interaction between the ⇢ triplet and fermions is

L � �
✓
g2

g⇢
� aLg⇢s

2

L,f

◆
⇢aµJ

µa, (5)

where the left compositeness sL,f is di↵erent for each type of fermion f . We assume elementary

leptons and a U(2) flavor symmetry which means we have only two parameters sL,t controlling the

third generation left compositeness and sL,q which controls the lighter quarks. For leptons sL = 0.

Note that the current only includes left handed fermions

Jµa =
X

f

f̄L�
µ⌧afL. (6)

Standard model fermions do not couple to ⇢±C , while both the left and right currents couple to the

⇢B with couplings that can be read from Table 1.

The interaction between the ⇢ and standard model vectors comes from mixing due to electroweak

symmetry breaking. It is simpler to see, however, through the interaction between the ⇢ and the

Goldstone modes from the operator

L � ig⇢cH⇢aµ(H
†⌧aDµH � (DµH)†⌧aH). (7)

The Higgs doublet H contains the physical Higgs h, but also the Goldstone modes of the W± and

Z, ⇡± and ⇡0, respectively.

H =

✓
⇡+,

1p
2
(v + h+ i⇡0)

◆
. (8)

As shown in Table 1 the strength of the coupling is g⇢.
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Figure 4. “Composite top.” Diboson rate contours rate for m⇢ = 2 TeV and cH = 1/2 (left) and
cH = 1 (right). The y-axis varies the degree of left compositeness of the (tL, bL) multiplet. The dashed line
corresponds to the flavor bound in Eq. (22).

increase slightly. This is due to cancellations in the couplings to top which only occur for small g⇢.

As before we also show constraints on the model that originate from other observables, namely

dilepton searches and Higgs coupling measurements. Additionally, here we note that for large

values of sL,t bounds from flavor physics are expected. An exclusion is drawn assuming a U(2)

flavor symmetry in the left handed mixings.

As a final remark, we note that scanning over sL,t also scans over di↵erent regions of theory

space in the sense that larger values of sL,t are natural in standard composite Higgs models while

smaller values of sL,t are naturally obtained in composite twin Higgs models.

Composite quarks

The results for the composite quarks scenario are presented in Figs. 5 and 6, where the benchmarks

of sL,t = 0.4 and sL,t = 0.1 have been used.

In these plots the parameter space scanned is the left handed mixing of the lightest two gen-

eration of quark doublets set to a common value of sL,q. The top left compositeness is set, as

mentioned, by Eq. (3). Unlike including only top compositeness, now changing the coupling of the

light quarks to the vector resonance changes the production rate of the vector. The e↵ect is to

decrease the rates because of the relative minus sign in Table 1.

Moving away from the two-site model, there is a qualitatively di↵erent behavior if we consider

aL = �1 shown in the right panel of Fig. 5. For this case there is no partial cancellation and the

rate increases as one increases the quark compositeness. This is likely preferred for the diboson

signal.

In the present picture other several constraints are present. Besides the usual bounds from

dilepton searches and Higgs couplings, we also have bounds from non-universal corrections to

precision measurements of the left handed current of the Z and W bosons. This arises from the
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Figure 5. “Composite quarks (standard composite Higgs).” Diboson rate contours rate for m⇢ = 2 TeV
and cH = 1/2 with aL = 1 (left) and aL = �1 (right). The y-axis varies the degree of left compositeness of
the (uL, dL) and (cL, sL) multiplets. The compositeness of the (tL, bL) multiplet is fixed at sin�t

L = 0.4.

fact that as the left mixing of the quarks is increased, there is a larger departure from universality,

resulting in larger distortions of the couplings to the Z and W bosons.

Role of the SU(2)R triplet

Thus far we have only discussed the spin-1 triplet of SU(2)L. However, due to the SO(4) symmetry

of the strong sector we expect the spin-1 multiplet of SU(2)R to also play a role. The SU(2)R states

are almost mass degenerate with the triplet states with a splitting suppressed by hypercharge. The

couplings to standard model fermions are also determined by hypercharge as shown in Table 1. The

⇢B couplings to fermions are suppressed by hypercharge, while the ⇢C does not couple to standard

model fermions (before electroweak symmetry breaking) because there are no charged SU(2)R gauge

bosons with which to mix. Given the hypercharge suppression we can estimate the contribution of

⇢B to the overall rate as (g02/g2)2 ' t4w ' 0.08 (for sL,q ⌧ 1). Thus the ⇢B will increase the rate

by roughly 3% (since its contribution is roughly 10% of the size of the neutral component ⇢0). In

the case of large sL,q (see Table 1) the rates of ⇢B and ⇢0 will become comparable; we avoid very

large values of sL,q (for the lighter quarks) in our discussion since these are bounded by precision

measurements.

4.2 Direct constraints

During the first run of the LHC, several searches were performed for W 0 bosons and KK gravitons

that can be recast as limits on our model, and have been done so in the figures of the previous

section. In Table 2, we report the leading exclusion bounds for a 2 TeV resonance, which correspond

to the direct bounds shown in our figures.

As we see from the data, the most stringent bound comes from the dilepton channel, closely

followed by the single lepton with missing energy channel. Due to the di↵erence in branching
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fact that as the left mixing of the quarks is increased, there is a larger departure from universality,

resulting in larger distortions of the couplings to the Z and W bosons.

Role of the SU(2)R triplet

Thus far we have only discussed the spin-1 triplet of SU(2)L. However, due to the SO(4) symmetry

of the strong sector we expect the spin-1 multiplet of SU(2)R to also play a role. The SU(2)R states

are almost mass degenerate with the triplet states with a splitting suppressed by hypercharge. The

couplings to standard model fermions are also determined by hypercharge as shown in Table 1. The

⇢B couplings to fermions are suppressed by hypercharge, while the ⇢C does not couple to standard

model fermions (before electroweak symmetry breaking) because there are no charged SU(2)R gauge

bosons with which to mix. Given the hypercharge suppression we can estimate the contribution of

⇢B to the overall rate as (g02/g2)2 ' t4w ' 0.08 (for sL,q ⌧ 1). Thus the ⇢B will increase the rate

by roughly 3% (since its contribution is roughly 10% of the size of the neutral component ⇢0). In

the case of large sL,q (see Table 1) the rates of ⇢B and ⇢0 will become comparable; we avoid very

large values of sL,q (for the lighter quarks) in our discussion since these are bounded by precision

measurements.

4.2 Direct constraints

During the first run of the LHC, several searches were performed for W 0 bosons and KK gravitons

that can be recast as limits on our model, and have been done so in the figures of the previous

section. In Table 2, we report the leading exclusion bounds for a 2 TeV resonance, which correspond

to the direct bounds shown in our figures.

As we see from the data, the most stringent bound comes from the dilepton channel, closely

followed by the single lepton with missing energy channel. Due to the di↵erence in branching
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⇠ max[g2/g⇢, g⇢ sin2 �L,R]

Figure 1. Couplings between composite vectors ⇢ and the longitudinal components of standard model
vectors (left) and standard model fermions (right).

In the couplings of vector resonances to the left handed currents we include an extra parameter

aL, which is common to di↵erent generations. In the concrete two-site model (reviewed both in

App. A and more fully in the appendix of [45]), aL = 1. However, more generally, it is a free

parameter in the CCWZ parametrization (for example see [38]). By default we will discuss the

two-site case when aL = 1, but in certain cases we will present results for the flipped sign aL = �1

case. As can be seen from Table 1 choosing aL = �1 can avoid cancellations in the resonance

coupling to quarks which would otherwise lead to very small rates.

V V , V h q̄L�
µqL ūR�

µuR d̄R�
µdR ¯̀

L�
µ`L ēR�

µeR

⇢0,± g⇢ �g2

g⇢
(1� aL

g2⇢
g2

s2L,q)⌧
a – – �g2

g⇢
⌧a –

⇢0B g⇢ �1

6

g02

g⇢
(1 + 3aL

g2⇢
g02

s2L,q) �2

3

g02

g⇢

1

3

g02

g⇢

1

2

g02

g⇢

g02

g⇢

⇢±C g⇢ – – – – –

Table 1. Summary of SU(2)L⇥ U(1)Y invariant couplings between vector resonances and standard model
fermions qL, uR, and dR, massive gauge bosons V , and Higgs boson h at leading order in g/g⇢ (and g0/g⇢).

Regarding the expected size of the mixing angles, only the top must have a sizable degree of

compositeness. The reason is that in standard composite Higgs light top partners are required (i.e.

m
 

' f) in order to achieve the observed Higgs mass which leads to sin�tL,R ⇠ 1 according to

Eq. (2). While it is conceivable that the top mixings can be made smaller at the price of tuning,

it is interesting to note that at least the top left mixing can be naturally small in the composite

twin Higgs scenario. The other quarks usually have small mixing angles. In this paper, we explore

several limits, paying attention to possible precision constraints. We omit any lepton mixing in the

table as we treat them as elementary.

It is interesting to note that the mixing of the left handed fermions has a much larger e↵ect

than that of the right handed fermions because the vector phenomenology is primarily determined

by the ⇢0,±. The right handed fermions only couple with the SU(2)L singlet ⇢0B. Moreover, given

the composite scenario under consideration, there is no dependence on the right handed mixing

5
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fact that as the left mixing of the quarks is increased, there is a larger departure from universality,

resulting in larger distortions of the couplings to the Z and W bosons.

Role of the SU(2)R triplet

Thus far we have only discussed the spin-1 triplet of SU(2)L. However, due to the SO(4) symmetry

of the strong sector we expect the spin-1 multiplet of SU(2)R to also play a role. The SU(2)R states

are almost mass degenerate with the triplet states with a splitting suppressed by hypercharge. The

couplings to standard model fermions are also determined by hypercharge as shown in Table 1. The

⇢B couplings to fermions are suppressed by hypercharge, while the ⇢C does not couple to standard

model fermions (before electroweak symmetry breaking) because there are no charged SU(2)R gauge

bosons with which to mix. Given the hypercharge suppression we can estimate the contribution of

⇢B to the overall rate as (g02/g2)2 ' t4w ' 0.08 (for sL,q ⌧ 1). Thus the ⇢B will increase the rate

by roughly 3% (since its contribution is roughly 10% of the size of the neutral component ⇢0). In

the case of large sL,q (see Table 1) the rates of ⇢B and ⇢0 will become comparable; we avoid very

large values of sL,q (for the lighter quarks) in our discussion since these are bounded by precision

measurements.

4.2 Direct constraints

During the first run of the LHC, several searches were performed for W 0 bosons and KK gravitons

that can be recast as limits on our model, and have been done so in the figures of the previous

section. In Table 2, we report the leading exclusion bounds for a 2 TeV resonance, which correspond

to the direct bounds shown in our figures.

As we see from the data, the most stringent bound comes from the dilepton channel, closely

followed by the single lepton with missing energy channel. Due to the di↵erence in branching
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fact that as the left mixing of the quarks is increased, there is a larger departure from universality,

resulting in larger distortions of the couplings to the Z and W bosons.

Role of the SU(2)R triplet

Thus far we have only discussed the spin-1 triplet of SU(2)L. However, due to the SO(4) symmetry

of the strong sector we expect the spin-1 multiplet of SU(2)R to also play a role. The SU(2)R states

are almost mass degenerate with the triplet states with a splitting suppressed by hypercharge. The

couplings to standard model fermions are also determined by hypercharge as shown in Table 1. The

⇢B couplings to fermions are suppressed by hypercharge, while the ⇢C does not couple to standard

model fermions (before electroweak symmetry breaking) because there are no charged SU(2)R gauge

bosons with which to mix. Given the hypercharge suppression we can estimate the contribution of

⇢B to the overall rate as (g02/g2)2 ' t4w ' 0.08 (for sL,q ⌧ 1). Thus the ⇢B will increase the rate

by roughly 3% (since its contribution is roughly 10% of the size of the neutral component ⇢0). In

the case of large sL,q (see Table 1) the rates of ⇢B and ⇢0 will become comparable; we avoid very

large values of sL,q (for the lighter quarks) in our discussion since these are bounded by precision

measurements.

4.2 Direct constraints

During the first run of the LHC, several searches were performed for W 0 bosons and KK gravitons

that can be recast as limits on our model, and have been done so in the figures of the previous

section. In Table 2, we report the leading exclusion bounds for a 2 TeV resonance, which correspond

to the direct bounds shown in our figures.

As we see from the data, the most stringent bound comes from the dilepton channel, closely

followed by the single lepton with missing energy channel. Due to the di↵erence in branching
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Figure 1. Couplings between composite vectors ⇢ and the longitudinal components of standard model
vectors (left) and standard model fermions (right).

In the couplings of vector resonances to the left handed currents we include an extra parameter

aL, which is common to di↵erent generations. In the concrete two-site model (reviewed both in

App. A and more fully in the appendix of [45]), aL = 1. However, more generally, it is a free

parameter in the CCWZ parametrization (for example see [38]). By default we will discuss the

two-site case when aL = 1, but in certain cases we will present results for the flipped sign aL = �1

case. As can be seen from Table 1 choosing aL = �1 can avoid cancellations in the resonance

coupling to quarks which would otherwise lead to very small rates.

V V , V h q̄L�
µqL ūR�

µuR d̄R�
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L�
µ`L ēR�

µeR
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⌧a –
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6

g02
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(1 + 3aL

g2⇢
g02
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3

g02
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1

3

g02

g⇢

1

2

g02

g⇢

g02

g⇢

⇢±C g⇢ – – – – –

Table 1. Summary of SU(2)L⇥ U(1)Y invariant couplings between vector resonances and standard model
fermions qL, uR, and dR, massive gauge bosons V , and Higgs boson h at leading order in g/g⇢ (and g0/g⇢).

Regarding the expected size of the mixing angles, only the top must have a sizable degree of

compositeness. The reason is that in standard composite Higgs light top partners are required (i.e.

m
 

' f) in order to achieve the observed Higgs mass which leads to sin�tL,R ⇠ 1 according to

Eq. (2). While it is conceivable that the top mixings can be made smaller at the price of tuning,

it is interesting to note that at least the top left mixing can be naturally small in the composite

twin Higgs scenario. The other quarks usually have small mixing angles. In this paper, we explore

several limits, paying attention to possible precision constraints. We omit any lepton mixing in the

table as we treat them as elementary.

It is interesting to note that the mixing of the left handed fermions has a much larger e↵ect

than that of the right handed fermions because the vector phenomenology is primarily determined

by the ⇢0,±. The right handed fermions only couple with the SU(2)L singlet ⇢0B. Moreover, given

the composite scenario under consideration, there is no dependence on the right handed mixing

5

flipped sign: aL = �1

mρ fixes to be 2 TeV

Bottom line
Composite spin 1 resonance can fit the excess and

satisfy all constraints without too much effort.



Compositeness and top partner

- Light top partner (ψ which mixes with top) could 
be less than TeV.



- Plays a crucial role in EWSB. 

115 125 135 145 155 165 175 185

0.5

1.0

1.5

2.0

2.5

m
KK

 [T
eV

]

mHiggs
 [GeV]

12/3

21/6

27/6

120 125 130 135 140 145 150 155 160

0.5

1.0

1.5

2.0

2.5

mHiggs
 [GeV]

m
KK

 [T
eV

]

12/3

21/6

27/6

32/3 + 15/3 + 1-1/3

Figure 2: Masses of the lightest colored KK fermions in the MCHM5 (upper plot), and in the
MCHM10 (lower plot). Different symbols denote KKs with different quantum numbers under
SU(2)L×U(1)Y , as specified in the plots. Both plots are for ϵ = 0.5, N = 8. In the upper one

we have varied 0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < m̃u < 0.42, −3.5 < M̃u < −2.2 (filled

points), or 0.2 < cq < 0.35, −0.25 < cu < −0.42, −1.3 < m̃u < 0.2, 0.1 < M̃u < 2.3 (empty
points). In the lower plot we have varied 0.36 < cq < 0.45, 0 < cu < 0.38, 0.8 < m̃u < 3,

−3 < M̃u < −0.3. The black continuous line is the fit to the mass of the lightest resonance
according to Eqs. (15) and (18).
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prefers a light T’



LHC 14 should cover (most of) it.



ρ decaying into top partners
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Figure 3: Contours of constant cross section (blue lines for the DY process, red dashed lines for the

VBF process) in the plane (M⇢X , g⇢X ) for the production of the vector singlet. The yellow region

corresponds to ⇠ > 0.4, the light blue one to ⇠ > 1.

Figure 4: Decay branching ratios of the neutral left-handed vector as a function of the resonance

mass for g⇢L = 3, M = 800 GeV and two di↵erent sets of the free parameters. The various curves

correspond to the following decay channels: WW + Zh (blue), tt̄ + bb̄ (red), l+l� (brown), uū + dd̄

(cyan), X 5
3
X̄ 5

3
+X 2

3
X̄ 2

3
(purple), T T̄ +BB̄ (orange), X 2

3
T̄ (yellow), X 2

3
t̄ (magenta), T t̄+Bb̄ (green).

All the partial decay widths described in this section can be computed analytically by using the

Feynrules package once the couplings in Appendix C are derived at leading order in ⇠.

26

WW + Zh

`+`�

top partners

- BR(ρ ➜ ψψ) O(1). Would dominate if allowed.



-  Diboson would not be the leading channel. 



- Can assume ψ heavy, more fine-tuning. 



Top partner 

  

In the limit where g=0, 
the potential is entirely 
due to the top sector

At 1-loop, the mixing between q and u with Ψ generates non-vanishing contributions

- Fx is a sum of trigonometric functions of h/f
- a, b are model-dependent coefficients

Remember that 

Composite Higgs potential is highly sensitive to the fermionic scale

mψ is the physical threshold

Giudice, Grojean, Pomarol , Rattazzi

Higgs potential

  

In most of the models we have the following predictions

> 125 GeV requires light composite fermions*

> Light means mΨ/f ~ 1 (not 4π)

> Tuning is minimized when the overall scale mΨ is light

> Need to look for colored fermionic top-partners

*different from SUSY

Tuning larger than 
naïve v^2/f^2

Higgs mass and tuning
m : mass of top partner

Fa,b : function of

h

f

Integrating out top partner ➜ Higgs potential

Light Higgs ➜ light top partner 

Top partner colored.
LHC searches already constrains top partner mass.
Run 2 will completely cover the simplest cases.

There is an exception: twin Higgs.  Singlet top partner.

Burdman, Chacko,  Harnik



Twin Higgs.

  

The low energy spectrum

Upon EWSB (and Z2-breaking) the mirror spectrum is lifted by f/v

Depending on the size of λ, the radial mode can be close to f

mirror top

Higgs

f

mirror vectors

needed “UV” embedding



Twin composite Higgs.
E

f

v

4⇡f

Composite Higgs Composite Twin Higgs

mirror top

 

 

h h

Figure 2. Comparison between the spectra of minimally tuned Composite Higgs and Composite

Twin Higgs models.

generators,

U = exp i
⇧

f
. (2)

Given the basis of generators chosen in appendix A, the pNGB matrix ⇧ containing the 7

goldstones can be written as

⇧ =
p
2⇡âT â, â = 1, . . . , 7, (3)

where T â are the broken generators, defined in appendix A, and ⇡â are the goldstone fields in

the 7 of SO(7). The transformation under SO(8)

U ! g · U · h(g,⇧)T ,

lets us write the two indices of U as U j̄
i (we follow the notation of [28]). The index i is linear

under G, while j̄ = {J, 8} is non-linear under G but split into a 7 of SO(7) (index J) and a

singlet. Later we will make use of U J
i and ⌃i ⌘ U 8

i ,

⌃T =
sin ⇡

f

⇡
(⇡1̂, ⇡2̂, ⇡3̂, ⇡4̂, ⇡5̂, ⇡6̂, ⇡7̂, ⇡ cot ⇡

f ), ⇡ ⌘
p
⇡â⇡â. (4)

However, in CTH these are not the only global symmetries of the composite sector. Indeed, to

realize the TH mechanism we have to include at the level of the composite sector a mirror copy

of QCD, which amounts to having an unbroken SU(3)c ⇥ SU(3)0c ⇥ Z2
5. Formally this means

5Note that this is in contrast to orbifold-based models in which QCD and mirror QCD descend from an
SU(6) group or larger [23, 25].
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color neutral
cuts off quadratic divergence

Low, Tesi, LTW
Barbieri, Greco,  Rattazzi,  Wulzer



Twin composite Higgs

  

SO(8)/SO(7)

SM SM'

The gauging of the EW part of SM and SM' is given by

Composite Twin Higgs

The minimal option is offered by SO(8)/SO(7)

Need to gauge also the mirror SU(3)'

composite sector;
resonances

elementary sector;

If Z2 is exact, then SM and SM’ has the same scale, v⋍f.
Must introduce Z2  breaking.  

Freedom in choosing how to do it: 
Difference in gauge or Yuk interaction between SM and SM’  

SO(8)/SO(7)

SM SM'

The gauging of the EW part of SM and SM' is given by

Composite Twin Higgs

The minimal option is offered by SO(8)/SO(7)

Need to gauge also the mirror SU(3)'

composite sector;
resonances

elementary sector;



Z2  breaking and spectrum

2 4 6 8 10 4 p
Mê f

Composite Twin Higgs: Resonances

weak

hypercharge

bottom

charm

mt' yrZ2-breaking

Figure 4. Summary of the mass of composite resonances for Composite Twin Higgs for various

Z2-breaking mechanisms and minimal tuning. The first case reflects figure 3 and the second [26] is

obtained by a simple rescaling. They both have an unconstrained fermionic scale with a ‘predicted’

range for the masses of composite vector resonances. The last two models have an unconstrained mass

for the vector resonances and a ‘predicted’ range for the fermionic scale (see eq. (62)).

pieces in place, the scaling y4f 4 of the Higgs potential is really y4f 4 ' y2tm
2
t0f

2, indicating that

the top contribution to the Higgs potential does not require light colored particles.

As a realistic theory requires Z2 to be broken, we have explored several options. If the terms

that arise due to the Z2-breaking come in at the same order, y4t f
4, as the symmetric ones, then

the potential really is not sensitive to the colored top partners and minimal tuning, f 2/v2, is

satisfied. We have shown, however, that getting the right Z2-breaking term is not generic in this

framework. For instance, Z2-breaking from the top sector introduces an explicit dependence

on m and likely spoils the gains from the twin mechanism. In section 4 we introduced several

mechanisms to break this symmetry and for the more plausible mechanisms of breaking in

the gauge sector or in the lighter quarks we made numerical estimates of where the resonances

would lie, under minimal tuning. Figure 2 provides a cartoon of the predicted spectrum relative

to standard composite Higgs and figure 4 summarizes the rough spectrum depending on the

Z2-breaking mechanism.

In this work we have identified multiple Z2-breaking methods and explored their individual

spectra. There is no reason, however, why more than one mechanism cannot be at work

simultaneously. We expect that this possibility opens up even more parameter space that may

not be populated by the examples in figure 4. This would be an interesting scenario which we

leave for future work.
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colored composite top partner



Z2  breaking and spectrum

2 4 6 8 10 4 p
Mê f

Composite Twin Higgs: Resonances

weak

hypercharge

bottom

charm

mt' yrZ2-breaking

Figure 4. Summary of the mass of composite resonances for Composite Twin Higgs for various

Z2-breaking mechanisms and minimal tuning. The first case reflects figure 3 and the second [26] is

obtained by a simple rescaling. They both have an unconstrained fermionic scale with a ‘predicted’

range for the masses of composite vector resonances. The last two models have an unconstrained mass

for the vector resonances and a ‘predicted’ range for the fermionic scale (see eq. (62)).

pieces in place, the scaling y4f 4 of the Higgs potential is really y4f 4 ' y2tm
2
t0f

2, indicating that

the top contribution to the Higgs potential does not require light colored particles.

As a realistic theory requires Z2 to be broken, we have explored several options. If the terms

that arise due to the Z2-breaking come in at the same order, y4t f
4, as the symmetric ones, then

the potential really is not sensitive to the colored top partners and minimal tuning, f 2/v2, is

satisfied. We have shown, however, that getting the right Z2-breaking term is not generic in this

framework. For instance, Z2-breaking from the top sector introduces an explicit dependence

on m and likely spoils the gains from the twin mechanism. In section 4 we introduced several

mechanisms to break this symmetry and for the more plausible mechanisms of breaking in
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would lie, under minimal tuning. Figure 2 provides a cartoon of the predicted spectrum relative

to standard composite Higgs and figure 4 summarizes the rough spectrum depending on the

Z2-breaking mechanism.

In this work we have identified multiple Z2-breaking methods and explored their individual

spectra. There is no reason, however, why more than one mechanism cannot be at work

simultaneously. We expect that this possibility opens up even more parameter space that may

not be populated by the examples in figure 4. This would be an interesting scenario which we

leave for future work.

22

colored composite top partner



- For a twin composite scenarion, composite top can 
be very heavy. 



Mixing can be smaller. 
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Figure 6. “Composite quarks (composite twin Higgs).” Diboson rate contours rate for m⇢ = 2 TeV and
cH = 1/2 (left) and cH = 1 (right). The y-axis varies the degree of left compositeness of the (uL, dL) and
(cL, sL) multiplets. The compositeness of the (tL, bL) multiplet is fixed at sin�t

L = 0.1.

final state ATLAS CMS

`+`� 0.2 fb [3] 0.25 fb [4]

`± /ET 0.9 fb [66] 0.4 fb [67]

tb̄ 120 fb [68] 100 fb [69]

tt̄ 50 fb [70] 20 fb [71]

jj 130 fb [72] 100 fb [73]

Table 2. Upper limits (at 95% CL) on the cross-section �⇥BR of a 2 TeV vector decaying to various final
states.

ratios, these two channels happen to constrain parameter space almost identically, so we show only

the dilepton bound on the figures for simplicity. From Eq. (10), we see that to evade the lepton

constraints it is su�cient to have g⇢ & 2.5 for cH ' 1. This constraint becomes slightly weaker

as the quarks become more composite because the production rate decreases, as can be seen in

Figs. 4, 5, and 6.

Like the pair of dilepton and single lepton bounds, the tt̄ and tb̄ bounds constrain parameter

space in the same way. They are not strong enough to constrain any of the plotted parameter

space, but they rule out the composite quark parameter space for large g⇢ and large sL,q. These

constraints are always weaker than those from coupling distortions, which are discussed below.

Dijet searches are also not constraining in our plotted parameter space. These constraints can

be meaningful if the dijet branching ratio is very large, like for small g⇢ and large sL,q, or if the

production rate is very large, like for large g⇢ and large sL,q. Again, coupling distortions are always

more constraining.
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The low energy resonances are spin-1 vectors broadly characterized by a mass m⇢ ⇠ g⇢f

and a sizable coupling g⇢ to particles in the composite sector such as the longitudinal modes

W±
L , ZL, and the Higgs, as shown in the left panel of Fig. 1. All the other resonances, especially

the fermionic ones are expected at a scale m⇤ = g⇤f with g⇢ < g⇤ . 4⇡. With the symmetry

breaking pattern SO(5)/SO(4), the lowest lying vector modes are in the 6 of SO(4). The global

symmetry SO(4) = SU(2)L ⇥ SU(2)R is also explicitly broken by the SM gauge symmetry

SU(2)L. (talk about U(1) here). The SM model weak gauge couplings are denoted by g and

g0. Under the SM SU(2) ⇥ U(1)Y , the composite vectors transform as 30(⇢L) and 10,±(⇢R).

Similar to the vector meson dominance in QCD, the composite vectors mix with the SM gauge

boson with mixing g/g⇢. The masses of the composite vectors are approximately degenerate,

broken only by SM gauge interactions, on the order of g2(g02)/g2⇢.

An important ingredient in viable composite Higgs models is the partial compositeness of

the standard model quarks. This is a mechanism to give mass to chiral fermions and is a

linear mixing between standard model elementary quarks and composite vector-like fermions,

as shown in the right panel of Fig. 1. Schematically, the Lagrangian is

Lpc = �m  ̄ � yLf(q̄L + h.c.)� yR(ūL + h.c.). (1)

The degree of compositeness can vary for the left and right chiralities of quarks and is given by

sin�L,R ⌘ yL,Rq
(m /f)2 + y2L,R

. (2)

The standard model Yukawa couplings are then

yf =
m 

f
sin�f

L sin�
f
R, (3)

where the label f has been added to allow for each fermion to have a di↵erent degree of

compositeness. This is relevant in our study of vectors because the composite fermions couple

directly to the composite vectors. The coupling between standard model fermions and vector

resonances therefore receives a contribution both from vector mixing and from fermion mixing.

The limit of sin�f
R = 1 corresponds to right compositeness where the right handed fermions

are fully composite. We will be interested in exploring the parameter space near this region

where the degree of left compositeness is solved to be

sin�f
L =

1

sin f
R

yff

m 
. (4)

In standard composite Higgs light fermion resonances are required to achieve the observed Higgs

mass [20].1

Putting this together we can summarize the coupling between the composite vectors and

the SM states in Table 1 and Fig. 2.

1There are some models, namely the 14+ 1 [] and X [] which can obtain the correct Higgs mass, at the price
of fine tuning.

3



Run 2 projection

- Can confirm or rule out with modest luminosity.
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Figure 10. “Composite top” (using cH = 1/2). The yellow region shows the parameter space that describes
the 8 TeV diboson excess (see Sect. 4). The red and green regions show the projected 95% CL limits of
diboson and dilepton searches, respectively, at 13 TeV (see Sect. 5).

6 Conclusions

In this paper we have discussed the excess in the ATLAS diboson data in connection with composite

Higgs models, where the signal of a multiplet of massive vector bosons can fit the data. This class of

models features a natural enhancement of the coupling between the composite resonances and the

longitudinal modes of the W± and Z, since, as with the Higgs, they are part of the composite sector.

There is also a suppression of the coupling to the standard model fermions. This property makes it

plausible that the diboson channel is the leading discovery mode. In the minimal composite Higgs

scenario with a spontaneous breaking of SO(5)/SO(4) we expect a complete multiplet of vector

resonances in the 6 of SO(4), with a mass close to the TeV scale for naturalness considerations. We

have used a concrete two-site model [45] that allows us to compute observables and quantitatively

describes the above picture. Where relevant, we have also considered possible deviations from the

simplified description of the two-site model.

This class of composite Higgs models predicts one SU(2)L triplet with hypercharge Y = 0 and

three SU(2)L singlets with hypercharges Y = 0 and Y = ±1. The setup itself is not new and has

been already studied in depth. It is useful because it is predictive; the mass of the resonance is

related to its coupling strength times the scale f where the extended global symmetry is broken,

m⇢ ⇠ g⇢f . Since naturalness suggests f be not too much above the weak scale (for the experimental

lower bound see the discussion in Sec. 4.3), in order to have a mass of m⇢ ⇠ 2 TeV, we need a

coupling of g⇢ ' 2�3. In most of the scenarios that we have analyzed, the coupling of the composite

vectors to standard model fermions is proportional to g2/g⇢, which is not too suppressed for this

range of g⇢. Indeed, for larger values of g⇢ the production cross-section quickly falls. It is interesting

that the numerics for g⇢ ' 2 � 3 can describe the ATLAS diboson excess, while passing all other

direct and indirect limits, as we demonstrated in Fig. 3.
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Reach of Run 2, di-boson and di-lepton

- At most 4 TeV. 
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Figure 8. “Composite quarks (standard composite Higgs).” 13 TeV cross-sections for diboson (left) and
dilepton (right) for sL,t = 0.4 and sL,q = 0. The gray lines show the projected limits with 20 fb�1 and
100 fb�1 of integrated luminosity.
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Figure 9. “Composite quarks (composite twin Higgs).” 13 TeV cross-sections for diboson (left) and dilepton
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Additional channels

- If it is there, should be able to see it in
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Figure 2. Branching ratios for the ⇢0. These are plotted for m⇢ = 2 TeV, but the variation with
mass is negligible. The branching ratios for ⇢± are correlated to those of ⇢0 as shown in Eq. (11). In
particular, BR(W±Z) = BR(W+W�) = BR(Zh) = BR(W+h), BR(tb̄) = 2BR(tt̄) = 2BR(bb̄), and
BR(`±⌫) = 2BR(`+`�). On the left we show elementary fermions (solid) and a composite top with sL,t = 0.5
(dashed). On the right we show sL,q = 0.15 with sL,t = 0.4 (solid) and sL,q = 0.15 with sL,t = 0.1 (dashed)
corresponding to the standard composite Higgs and composite twin Higgs benchmarks, respectively.

searches can be sensitive to these scenarios.

BR(⇢0 ! `+`�)

BR(⇢0 ! W+W�)
=

8

c2H

g4

g4⇢
, (12a)

BR(⇢0 ! tt̄)

BR(⇢0 ! W+W�)
= a2L

12s4L,t
c2H

� aL
24s2L,t
c2H

g2

g2⇢
+

12

c2H

g4

g4⇢
, (12b)

BR(⇢0 ! jj)

BR(⇢0 ! W+W�)
= a2L

24s4L,q
c2H

� aL
48s2L,q
c2H

g2

g2⇢
+

24

c2H

g4

g4⇢
. (12c)

For g⇢ ' g one can see that dilepton and single lepton with missing energy searches can be con-

straining. We also see that for large enough sL,t constraints from tt̄ and tb̄ searches are relevant.

While this suggests that dijet constraints can be relevant for larger sL,q, we will see that precision

electroweak constraints are much stronger than dijet searches.

Figure 2 contrasts the branching ratios for the di↵erent scenarios we have outlined in Sec. 2 to

provide some intuition into the results in Sec. 4.

4 Possible signals in 8 TeV LHC data

Recently, ATLAS has reported an excess of 3.4� in the WZ channel of a boson tagged dijet

search [1]. The related channels WW and ZZ, di↵ering by the jet mass selection, accordingly

found excesses of 2.6� and 2.9�, respectively. Due to the di�culty of distinguishing hadronically

decaying W ’s and Z’s these channels are correlated and the 2 TeV resonance could conceivably be

neutral or charged or a multiplet of states as we consider.
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Beyond the LHC, future facilities 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

e�e+  Higgs Factory 

pp collider  
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250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)
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Higgs coupling at lepton colliders
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Electroweak precision at CEPC

- A big step beyond the current precision.
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Composite Higgs at lepton collider

Higgs is not (quite) elementary, will have deviations in Higgs 
couplings.

�Wh ⇠ �Zh ⇠ v2

f2

Composite resonances couples to W and Z. Will give rise to 
deviation in EW precision observables.

S ' N

4⇡

v2

f2

A clear big step above the LHC.

Experiment Z (68%) f (GeV) g (68%) m
˜tL (GeV)

HL-LHC 3% 1.0 TeV 4% 430 GeV

ILC500 0.3% 3.1 TeV 1.6% 690 GeV

ILC500-up 0.2% 3.9 TeV 0.9% 910 GeV

CEPC 0.2% 3.9 TeV 0.9% 910 GeV

TLEP 0.1% 5.5 TeV 0.6% 1.1 GeV

Table 7. Interpreting Higgs coupling bounds in terms of new physics reach.

Experiment S (68%) f (GeV) T (68%) m
˜tL (GeV)

ILC 0.012 1.1 TeV 0.015 890 GeV

CEPC (opt.) 0.02 880 GeV 0.016 870 GeV

CEPC (imp.) 0.014 1.0 TeV 0.011 1.1 GeV

TLEP-Z 0.013 1.1 TeV 0.012 1.0 TeV

TLEP-t 0.009 1.3 TeV 0.006 1.5 TeV

Table 8. Interpreting S and T parameter bounds in terms of new physics reach. CEPC (imp.) is assuming

the improvement in both sin2 ✓`
e↵

and �Z , as discussed in Section 3.1.

into bounds on the scale f in composite Higgs models and on the left-handed stop mass in SUSY
models, respectively, to give some indication of how measurement accuracy translates to a reach for
heavy particles. In Table 8, we present the value of S where the line T = 0 intersects the 68% CL
ellipse, and vice versa, from our calculation in Figs. 1 and 2. We also translate these into bounds on
f and on m

˜tL , respectively. Of course, bounds on new physics are always model-dependent and the
relative sizes of various operators will depend on the model. Here we can see that for a composite Higgs,
the most powerful probe is the very well-measured coupling of the Higgs to the Z boson. The bounds
from this measurement dwarf those from the S and T parameters. On the other hand, bounds on the
left-handed stops from the T parameter and from Higgs coupling measurements are very similar, with
the T parameter bound generally being slightly stronger. This points to an important complementarity
between Higgs factory measurements and Z factory (or W and top threshold) measurements. Both
sets of measurements are crucial to obtain a broad view of what possible new electroweak physics can
exist at the TeV scale.

We have treated the Higgs measurements independently of the (S, T ) plane fits to illustrate the
new physics reach of di↵erent observables. However, they are related: for example, the S parameter
operator h†�ihW i

µ⌫Bµ⌫ modifies the partial widths for Higgs boson decays to two electroweak bosons.
The proper procedure once all the data is available will be to do a global fit combining all known
pieces of information.
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Experiment Z (68%) f (GeV) g (68%) mt̃L
(GeV)

HL-LHC 3% 1.0 TeV 4% 430 GeV
ILC500 0.3% 3.1 TeV 1.6% 690 GeV

ILC500-up 0.2% 3.9 TeV 0.9% 910 GeV
CEPC 0.2% 3.9 TeV 0.9% 910 GeV
TLEP 0.1% 5.5 TeV 0.6% 1.1 GeV

Experiment S (68%) f (GeV) T (68%) mt̃L
(GeV)

ILC 0.012 1.1 TeV 0.015 890 GeV
CEPC (opt.) 0.02 880 GeV 0.016 870 GeV
CEPC (imp.) 0.014 1.0 TeV 0.011 1.1 GeV

TLEP-Z 0.013 1.1 TeV 0.012 1.0 TeV
TLEP-t 0.009 1.3 TeV 0.006 1.5 TeV

Table 1.1 Interpreting the Higgs coupling and the bounds on the oblique S and T parameters in terms of new
physics reach [6]. CEPC (imp.) is assuming the improvement in both sin2 ✓`

e↵ and �Z .

higgs operator [@(h†h)]

2, which leads to a shift in the Z-higgs coupling after electroweak symmetry184

breaking:185
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Under RG evolution from the scale M down to the Z, this coupling also induces the S and T parameters;186

keeping the logarithmically enhanced term gives us187

S =

1

6⇡
log

M

mW
⇥ 2v2cH

M2
= .06 ⇥ ⇥�Zh (1.10)

and similarly188

T =
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M2
= .2 ⇥ ⇥�Zh (1.11)

where we have chosen M ⇠ 300 GeV as a reference. The projected CEPC sensitivity to S, T on the Z189

poles is �S, �T ⇠ .01, but we see that this is significantly weaker than the direct reach in �Zh.190

The CEPC also has some sensitivity to higgs self-interactions arising from the (h†h)

3 operator.191

Amusingly, this operator does not induce any of the other dimension 6 operators involving the Higgs un-192

der 1-loop RG evolution. But there is infrared calculable correction to the Z-Higgs coupling at 1-loop,193

shown in Fig. 1.7, which probes deviations in the triple Higgs coupling at the 50% level [9].
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FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling �h.

recourse to the details of renormalization of the irrelevant

operator in Eq. (3), however proceeding to NNLO in this

case would require the counter-term to this operator.

The dominant Higgs production process at an e+e�

collider at the energies considered here is Higgs associ-

ated production. At NLO the Higgs self-coupling en-

ters the associated production amplitude in two ways. It

enters quadratically via a modified Higgs wavefunction

counter-term, feeding into associated production at NLO

as a modification of the hZZ coupling. The self-coupling

also enters into the amplitude linearly through diagrams

such as Fig. 1. Depending on gauge choice there are also

diagrams with internal Goldstone lines.

The full NLO corrections to e+e� ! hZ are deter-

mined using the FeynArts, FormCalc, and Loop-
Tools suite of packages [18, 19] by calculating the full

one-loop electroweak corrections to associated produc-

tion (see Refs. [20–23]) and extracting the dependence

on the self-coupling parameter. The counter-terms for all

SM-Higgs couplings are calculated automatically follow-

ing the electroweak renormalization prescription of [24].

The analytic form of the correction at a CM energy

�
S

can be extracted from the FeynArts and FormCalc
[18, 19] output in terms of the various one-loop integrals
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The two-point scalar function encountered here is defined

as

B0 = B(M2
H , M2

H , M2
H), (7)

and the first derivative of this function as
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FIG. 2: Corrections to �(e+e� ! hZ), for a given variation
in the self-coupling, �h, as a function of the CM energy from
220 to 500 GeV.

The three-point scalar functions are

C0 = C(M2
H , S, M2

Z , M2
H , M2

H , M2
Z), (9)

and C1, which is the scalar coe�cient of k1 in Cµ1 with

the same arguments. C00, C11, C12 are the scalar coef-

ficients of gµ,⌫ , k1k1, and k1k2 in Cµ1,µ2 . All of these

functions can be easily evaluated using the LoopTools
package [18, 19]. With these definitions the full form of

the self-coupling correction is
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and

 = C1 + C11 + C12. (13)

Eq. (10) was calculated in the R� gauges, and the absence

of the � parameter demonstrates the full gauge invariance

of the result. Furthermore, although a number of UV-

divergences appear individually, the final result is UV-

finite as these divergences cancel in B0 � 4C00 and also

in .

At various CM energies the fractional corrections to

the associated production cross section, ��h(e+e� !
hZ), relative to the SM rate are found to be

�240,350,500
� = 1.4, 0.3, �0.2 ⇥ �h% , (14)

where only the lowest-order term in �h has been retained

as other higher-dimension operators may contribute at

O(�2
h), and the coe�cient of this term is unknown. The

full energy dependence is shown in Fig. 2.

Figure 1.7 1-loop corrections to the Zh coupling which are sensitive to the triple Higgs coupling.
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Experiment Z (68%) f (GeV) g (68%) m
˜tL (GeV)

HL-LHC 3% 1.0 TeV 4% 430 GeV

ILC500 0.3% 3.1 TeV 1.6% 690 GeV

ILC500-up 0.2% 3.9 TeV 0.9% 910 GeV

CEPC 0.2% 3.9 TeV 0.9% 910 GeV

TLEP 0.1% 5.5 TeV 0.6% 1.1 GeV

Table 7. Interpreting Higgs coupling bounds in terms of new physics reach.

Experiment S (68%) f (GeV) T (68%) m
˜tL (GeV)

ILC 0.012 1.1 TeV 0.015 890 GeV

CEPC (opt.) 0.02 880 GeV 0.016 870 GeV

CEPC (imp.) 0.014 1.0 TeV 0.011 1.1 GeV

TLEP-Z 0.013 1.1 TeV 0.012 1.0 TeV

TLEP-t 0.009 1.3 TeV 0.006 1.5 TeV

Table 8. Interpreting S and T parameter bounds in terms of new physics reach. CEPC (imp.) is assuming

the improvement in both sin2 ✓`
e↵

and �Z , as discussed in Section 3.1.

into bounds on the scale f in composite Higgs models and on the left-handed stop mass in SUSY
models, respectively, to give some indication of how measurement accuracy translates to a reach for
heavy particles. In Table 8, we present the value of S where the line T = 0 intersects the 68% CL
ellipse, and vice versa, from our calculation in Figs. 1 and 2. We also translate these into bounds on
f and on m

˜tL , respectively. Of course, bounds on new physics are always model-dependent and the
relative sizes of various operators will depend on the model. Here we can see that for a composite Higgs,
the most powerful probe is the very well-measured coupling of the Higgs to the Z boson. The bounds
from this measurement dwarf those from the S and T parameters. On the other hand, bounds on the
left-handed stops from the T parameter and from Higgs coupling measurements are very similar, with
the T parameter bound generally being slightly stronger. This points to an important complementarity
between Higgs factory measurements and Z factory (or W and top threshold) measurements. Both
sets of measurements are crucial to obtain a broad view of what possible new electroweak physics can
exist at the TeV scale.

We have treated the Higgs measurements independently of the (S, T ) plane fits to illustrate the
new physics reach of di↵erent observables. However, they are related: for example, the S parameter
operator h†�ihW i

µ⌫Bµ⌫ modifies the partial widths for Higgs boson decays to two electroweak bosons.
The proper procedure once all the data is available will be to do a global fit combining all known
pieces of information.
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Neutral naturalness

- LHC reach poor. Theory can be completely natural.



- Higgs factory can test this. 

T’

Craig, Englert, McCullough, 2013  

Top partner only couple to Higgs.
Wavefunction renormalization
Induce shift in Higgs coupling.

t

Twin Higgs.   Chacko et al.  Talk by Craig  IMPLICATIONS 83

Figure 2.23 The fractional deviation of �Zh at the Higgs factory, in the model with scalar singlet top partner,
coupling through H†H�†

t�t [64].

theoretical and experimental sides. However, the Standard Model is likely only an effective theory at2187

the electroweak scale. To explore potential new physics at the electroweak scale and beyond, comple-2188

mentary approaches of direct searches at the energy frontier as well as precision measurements will be2189

needed. The current LHC and the planned HL-LHC have the potential to significantly extend its new2190

physics reach and to measure many of the Higgs couplings with precisions of a few percents.2191

However, many new physics models predict Higgs coupling deviations at a sub-percent level, beyond2192

those achievable at LHC. CEPC complements LHC and will be able to study the properties of the Higgs2193

boson in great details with unprecedented precisions. Therefore it is capable of unveiling the true nature2194

of this particle. At CEPC, most Higgs couplings can be measured with precisions at a sub-percent2195

level. More importantly, CEPC will able to measure many of the key Higgs properties such as the total2196

width and decay branching ratios model independently, greatly enhancing the coverage of its search for2197

potential new physics. Furthermore, the clean event environment of CEPC will allow the detailed study2198

of known decay modes and the identification of potential unknown decay modes that are impossible at2199

LHC.2200

We have provided a snapshot of the current studies, many of them are ongoing and more analyses are2201

needed to fully understand the physics potential of CEPC. Nevertheless, the results presented here have2202

already built a strong case for CEPC as a Higgs factory. CEPC has the potential to “undress” the Higgs2203

boson as what LEP has done to the Z boson, and possibly shed light on the direction of new physics.2204



At 100 TeV collider

- tune proportional to (mNP)2 . 


Much better test than LHC, by orders of magnitude! 



Potential for discovery (would be a victory for 
naturalness). 

10 20 30 40

2

4

6

8

10

12

mρ [TeV]

gρ
ξ=
1

LH
C

H
L-
LH
C

H
L-LH

C

FCC-1ab -1
FCC-10ab -1

IL
C

TL
EP

/ C
LIC

Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Di-boson will be the leading discovery channel.



- Whether the excess is there or not, spin-1 
resonance should be a main target for LHC. 
searches. 



Conclusions.

- LHC would not be able to cover full composite 
Higgs spectrum, since we have not seen anything 
yet.



At most a couple of lower lying states.
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Higgs factory + 100 TeV pp collider can do a good 
job.



A lot to look forward to!
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the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Maybe one of these?
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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(b) WZ-mediated simplified model
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(c) τ̃L-mediated simplified model
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(d) Wh-mediated simplified model

Figure 7. Observed and expected 95% CL exclusion contours for chargino and neutralino produc-
tion in the (a) ℓ̃L-mediated, (b) WZ-mediated, (c) τ̃L-mediated and (d) Wh-mediated simplified
models. The band around the expected limit shows the ±1σ variations of the expected limit, includ-
ing all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit indicate the sensitivity to ±1σ variations of these theoretical uncertain-
ties. The blue contours in (a) and (b) correspond to the 7 TeV limits from the ATLAS three-lepton
analysis [17]. Linear interpolation is used to account for the discrete nature of the signal grids.
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(a) ℓ̃L-mediated (b) τ̃L-mediated

(c) WZ-mediated (d) Wh-mediated

Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tanβ, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2<µ (M1<µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃

0
2 (pp → χ̃±

1 χ̃
0
2, pp → χ̃±

1 χ̃
0
3). If M2<M1<µ

(µ<M1<M2), the χ̃
0
1 (χ̃

0
1, χ̃

0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tanβ = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:

100 GeV, 140 GeV and 250 GeV,

– 3 –
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C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

Or something else just around the corner?
Spectacular early discovery!

Same Flavor, Opposite Sign lepton Excess
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Figure 6: The dilepton mass (top) and Emiss
T (bottom) distributions for the electron (left) and muon (right) channel

in the on-Z SRs after having applied the requirement ��(jet1,2, Emiss
T ) > 0.4. All uncertainties are included in the

hatched uncertainty band. Two example GGM (tan � = 1.5) signal models are overlaid. For the Emiss
T distributions,

the last bin contains the overflow. The backgrounds due to WZ, ZZ or rare top processes, as well as from fake
leptons, are included under “Other Backgrounds”. The negligible contribution from Z+jets is omitted from these
distributions.
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Edge in the invariant mass distribution of leptons
10 7 Summary
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Figure 2: Fit results for the signal-plus-background hypothesis in comparison with the mea-
sured dilepton mass distributions, in the central (top) and forward (bottom) regions, projected
on the SF (left) and OF (right) event samples. The combined fit shape is shown as a blue,
solid line. The individual fit components are indicated by dashed lines. The flavor-symmetric
background is denoted as ”FS” and is displayed with a black dashed line. The Drell–Yan con-
tribution is denoted as ”DY” and is displayed with a red dashed line. The extracted signal
component is denoted as Signal and is displayed with a green dashed line.
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Counting experiment
20 < M�� < 70 GeV:

Fit M�� distribution:

78.7 ± 1.4

ee+μμ search region eμ control region

•  2.6σ excess in counting experiment
•  Medge = 79 GeV from fit (also ~3σ excess)

best fit
signal 
model

2 e/μ leptons with pT > 20 GeV and |η| < 1.4
(njets ≥ 2 AND ET

miss > 150 GeV) OR
(njets ≥ 3 AND ET

miss > 100 GeV) 



Compositeness and top partner

- Plays a crucial role in EWSB. 
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Figure 2: Masses of the lightest colored KK fermions in the MCHM5 (upper plot), and in the
MCHM10 (lower plot). Different symbols denote KKs with different quantum numbers under
SU(2)L×U(1)Y , as specified in the plots. Both plots are for ϵ = 0.5, N = 8. In the upper one

we have varied 0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < m̃u < 0.42, −3.5 < M̃u < −2.2 (filled

points), or 0.2 < cq < 0.35, −0.25 < cu < −0.42, −1.3 < m̃u < 0.2, 0.1 < M̃u < 2.3 (empty
points). In the lower plot we have varied 0.36 < cq < 0.45, 0 < cu < 0.38, 0.8 < m̃u < 3,

−3 < M̃u < −0.3. The black continuous line is the fit to the mass of the lightest resonance
according to Eqs. (15) and (18).
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For a comprehensive discussion, see
De Simone, Matsedonskyi, Rattazzi, Wulzer, 1211.5663
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A big step forward in the energy frontier

3.9 Comparing Colliders

The multi-jet plus Emiss
T signature of the gluino-neutralino model with light flavor decays provides

a useful study with which to compare the potential impact of different proton colliders. Figure 8
shows the 5� discovery reach [95% CL exclusion] for two choices of integrated luminosity at 14
TeV, along with the full data set assumed for 33 and 100 TeV. At 14 TeV, the factor of 10 increase
in luminosity leads to a modest increase by 350 GeV in the gluino limits. The smallness of this
increase is due to the rapidly falling cross section. Furthermore, because the signal regions are not
background-free, the improvement in cross section-limit does not match the factor of 10 increase
in luminosity; the shift in mass reach corresponds to only roughly a factor of five in the gluino
production cross-section. For lighter gluinos, there is no improvement to the range of accessible
neutralino masses. This is because the systematic uncertainty dominates in the signal regions for
these models except in the high gluino mass tail.

In contrast, increasing the center-of-mass energy has a tremendous impact on the experimentally
available parameter space, since now much heavier gluinos can be produced without relying on the
tails of parton distributions to supply the necessary energy. Figure 8 makes a compelling case for
investing in future proton colliders which can operate at these high energies.
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Figure 8: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the
5� discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic
uncertainty is assumed and pileup is not included.

Figure 9 provides a comparison of the optimal cut at the different colliders that results from
applying the analysis discussed in Sec. 3.2 as a function of gluino mass (assuming a 1 GeV
neutralino). It is interesting to note that the slope of the HT cut is larger than that for the Emiss

T

cut. The search is taking advantage of the tremendous energy that is imparted to jets when these
heavy gluinos decay. Furthermore, it is also interesting that the HT cuts track very closely between
machines (until mass of the gluino becomes so heavy that a given collider can no longer produce
them in appreciable quantities), while the Emiss

T cuts begin to flatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs. 2, 4, and 6. The signal and
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5σ discovery reach: Z’B
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Figure 1. Top panel: the production cross sections for benchmakr Z 0s for pp collider at 14, 33, and
100 TeV. Bottom panel: the discovery and exclusion reaches of Z 0 for VLHC 100 TeV at 1 ab�1

(blue) and 10 ab�1 (red) and LHC 14 TeV at 300 fb�1 (orange) and 3000 fb�1 (green).
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