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With the Higgs boson the last missing ingredient of the 
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Ébut is it the only Higgs boson? Is it elementary or composite? 
Is the Higgs sector really as predicted by the SM?

02 18



   Ramona Gršber ÑIPPP, Durham University                                                                                         /

                                                                                          Open problems of the Standard Model

¥ Hierarchy the electroweak scale?  

Why is m H << ! Planck ? 

¥ Dark matter  

connected to Higgs sector

could there be a connection  
to the Higgs sector?

¥ É.

03 18



   Ramona Gršber ÑIPPP, Durham University                                                                                         /

                                                                                          Open problems of the Standard Model
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could there be a connection  
to the Higgs sector?
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Explain both within the 
same framework?
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                                                                                          Composite Scalars in QCD

0.1 GeV

1 GeV

Pion

Kaon

rho

Spectrum of QCD: 
Scalars without hierarchy problem

The QCD scale cuts their quantum  
corrections naturally off

QCD scale is natural,  
can be largely separated from any high 
scale due to logarithmical running 

Pions as pseudo-Nambu Goldstone 
bosons, naturally much lighter than 
QCD scale

p, n
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spin 0: H, ...

spin 1/2: T , B, X5/ 3,...

spin 1: ! , a,...

light, since pseudo-Goldstone boson

strongly interacting sector

SM fermions: 
t, b, É

SM gauge bosons

elementary sector

[Georgi, Kaplan ’84]
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spin 0: H, ...

spin 1/2: T , B, X5/ 3,...

spin 1: ! , a,...

light, since pseudo-Goldstone boson

strongly interacting sector

SM fermions: 
t, b, É

SM gauge bosons

elementary sector

exact G

[Georgi, Kaplan ’84]

Interactions between  

elementary and 

strongly interacting  

sector break G at scale f; 

coset G/H should 

contain the SM gauge  

group
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                                                                                          Composite Higgs Models

spin 0: H, ...

spin 1/2: T , B, X5/ 3,...

spin 1: ! , a,...

light, since pseudo-Goldstone boson

strongly interacting sector

SM fermions: 
t, b, É

SM gauge bosons

elementary sector

exact G

Higgs mass generated by quantum corrections

Partial compositeness: top quark mass generated by linear interactions 
with strongly interacting sector

[Georgi, Kaplan ’84]

06

Minimal Model: SO(5)/SO(4) [Agashe, Contino, Pomarol Õ04] 4 Goldstone bosons  
(1 Higgs +3 usual would-be GBs)
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                                                                                          Lagrangian for a Composite Higgs

Lagrangian from CCWZ construction:  

U = e�i
p
2

f ⇡âXa

(1)

L =
f

2
Tr(dµd

µ) (2)

iU�1@µU = dµ,aX
a + eµ,aT

a (3)

1

Goldstone matrix ( X denote the broken generators)
U = e�i

p
2

f ⇡âXa

(1)

L =
f

2
Tr(dµd

µ) (2)

iU�1@µU = dµ,aX
a + eµ,aT

a (3)

1

Defining

the Lagrangian is U = e�i
p
2

f ⇡âXa

(1)

L =
f 2

4
Tr( dµdµ) (2)

iU �1! µU = dµ,aX a + eµ,aTa (3)

1

Minimal model: 

We take a 

U = e! i
!
2

f ! â X a
(1)

L =
f2

4
Tr(dµd

µ) (2)

iU ! 1@µU = dµ,aX
a + eµ,aT

a (3)

⌃0 = (0, 0, 0, 0, 1)T (4)

1

Chapter 4. Composite Higgs models 55

describe their interactions with the SM Þelds and the fermionic resonances. We then

brießy discuss the approximations that are taken in order to study the phenomenology

of composite tops, bottoms or light quarks.

4.4.1 Scalar sector

The scalar sector of the MCHM contains four degrees of freedom that we call! a. The

dynamics of ! a is well described by the perpendicular componentdµ of the Maurer-

Cartan one-form as commented in Section4.2. In order to project dµ into the coset

space as required by the CCWZ formalism, we can take a vacuum! 0 that is killed only

by the SO(4) subgroup generatorsTa. That is, Ta! 0 = 0 while Ca! 0 != 0. According to

the matrices presented in AppendixC, this vacuum can be trivially chosen to be! 0 =

(0, 0, 0, 0, 1)T . In this way, the non-linear sigma model lagrangianL = 1/ 4f 2
⇡

tr( dµdµ)

can be also computed as

L =
f 2

2
(Dµ! )† D µ! , with ! = U! 0, (4.5)

where we have deÞnedf =
"

2f ⇡ in order to simplify the following equations. The

explicit expression for! is hence given by:

! =
sin (|! |/f )

|! |

!
! 1, ! 2, ! 3, ! 4, |! | cot

"
|! |
f

#$ T

, |! | =
%

! 2
1 + ! 2

2 + ! 2
3 + ! 2

4. (4.6)

In the unitary gauge, three of the NGBs are eaten by the gauge bosons. In such a

gauge, we can impose the physical Higgsh to be completely aligned in the! 3 direction

without loss of generality. In that case,h = ! 3 = |! | and

! T =
!
0, 0, sin

"
h
f

#
, 0, cos

"
h
f

#$
. (4.7)

According to the conventions we are using in this text, the covariant derivative acts on

! as

Dµ! =
&
" µ + igTI W I

µ + ig!Y Bµ
'

! (4.8)

=
!
" µ +

ig
"

2
(T+ W +

µ + T" W "
µ ) +

ig
cW

(T3 # s2
W Q)Zµ + ieQAµ

$
! , (4.9)
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where now the matrices are the Þve-dimensional matrices of AppendixC generating the

SM subgroup ofSO(5). Therefore, the term (Dµ! )  D µ! in equation 4.5 is given by

(Dµ! )  D µ! =( @µ! )  @µ! + !  

⇢
g2

2

�
T+W+

µ + T! W !
µ

�2

+
g2

c2W

⇥
(T3 � s2W Q)Zµ

⇤2
+ e2Q2AµAµ

�
!

=
1
f 2

(@µh)2 +
g2

2
sin2

✓
h
f

◆
W+

µ W µ! +
g2

4c2W
sin2

✓
h
f

◆
ZµZ µ. (4.10)

Thus,

L =
1
2
@µh@µh +

g2

4
f 2 sin2

✓
h
f

◆
W+

µ W µ! +
g2

8c2W
f 2 sin2

✓
h
f

◆
ZµZ µ. (4.11)

Up to this point, the Higgs bosonh is an exact NGB, described by a kinetic term and

a set of non-linear interactions to the gauge bosons. As it was previously discussed, the

interactions with the gauge bosons generate a potential and then a mass, but they tend

to align the VEV in the unbroken direction. However, the couplings to the fermion

sector can generate a non-trivial VEVhhi. If we expand the previous lagrangian to

second order inh after symmetry breaking, we get

L =
1
2
@µh@µh +

g2

4

h
v2 + 2v

p
1� ⇠h + (1 � 2⇠)h2

i 
W+

µ W µ! +
1

2c2W
ZµZ µ

�

where we have deÞned

v = f sin
✓
hhi
f

◆
, and ⇠ =

v2

f 2
. (4.12)

v ⇠ 246 GeV Þxes the EW scale, while⇠ is called thedegree of compositeness. Note

that, in this framework, the Higgs VEV hhi does not coincide withv. We see that

the tensor structures of thehV V and hhV V interactions (whereV stands for any SM

gauge boson) are identical to the SM ones, but the couplings di" er by deviations of

order O(⇠). Indeed, in the limit ⇠ = 0, i.e., in the limit in which the scale of NP, f , is

large enough, we recover the SM Higgs lagrangian. The NP coming from the composite

sector decouples.

In order to analyze the Higgs interactions with the fermions, theSO(5) group has

to project on coset space.

Then

07

[Callan, Coleman, Wess, ZuminoÕ69]

more details in [Panico, Wulzer Õ15]
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[Agashe, contino, Pomarol Õ04]
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describe their interactions with the SM Þelds and the fermionic resonances. We then

brießy discuss the approximations that are taken in order to study the phenomenology

of composite tops, bottoms or light quarks.
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Up to this point, the Higgs bosonh is an exact NGB, described by a kinetic term and

a set of non-linear interactions to the gauge bosons. As it was previously discussed, the

interactions with the gauge bosons generate a potential and then a mass, but they tend

to align the VEV in the unbroken direction. However, the couplings to the fermion
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v ⇠ 246 GeV Þxes the EW scale, while⇠ is called thedegree of compositeness. Note

that, in this framework, the Higgs VEV hhi does not coincide withv. We see that

the tensor structures of thehV V and hhV V interactions (whereV stands for any SM

gauge boson) are identical to the SM ones, but the couplings di" er by deviations of

order O(⇠). Indeed, in the limit ⇠ = 0, i.e., in the limit in which the scale of NP, f , is

large enough, we recover the SM Higgs lagrangian. The NP coming from the composite

sector decouples.

In order to analyze the Higgs interactions with the fermions, theSO(5) group has
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Then
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Lagrangian from CCWZ construction:  
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[Callan, Coleman, Wess, ZuminoÕ69]
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describe their interactions with the SM Þelds and the fermionic resonances. We then

brießy discuss the approximations that are taken in order to study the phenomenology

of composite tops, bottoms or light quarks.
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Lagrangian from CCWZ construction:  

07

[Callan, Coleman, Wess, ZuminoÕ69]

U = e! i
!

2
f ! öa X a

(1)

L =
f 2

4
Tr( dµdµ) (2)

iU ! 1! µU = dµ,aX a + eµ,aTa (3)

! 0 = (0 , 0, 0, 0, 1)T (4)

" =
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f 2
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(5)

ghV V

gSM
hV V

=
p

1� " (6)

1

Goldstone matrix ( X denote the broken generators)

18

[Agashe, contino, Pomarol Õ04]
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                                                                                          Partial compositeness
Elementary fermions mix with strong-interacting sector by linear couplings

U = e�i
!

2
f ! öa X a

(1)

L =
f2

4
Tr(dµd

µ) (2)

iU�1! µU = dµ,aX
a + eµ,aT

a (3)

! 0 = (0, 0, 0, 0, 1)T (4)

" =
v2

f2
= sin2 !h"

f
(5)

ghV V

gSM
hV V

=
!
1 # " (6)

ctt $=
3

2
(ct # 1) (7)

cg $= cgg (8)

#V =
!
1 # " (9)

#F =
!
1 # " (10)

#F =
1 # 2"
%
1 # "

(11)

L = $L qL OR + $RtROL (12)

1

Mixing with top partners generate the top Yukawas

[Kaplan Ô91]

2.4. PARTIAL FERMION COMPOSITENESS 51

yt =

f L

f R

sin ! f

L

sin ✓f

R

Q

T̃

H
= g! · sin✓f

L
· sin✓f

R

g⇤

Figure 2.3: Yukawa couplings generation in partial compositeness, under the sup-
plementary hypothesis of VMD as explained in the text.

terms of the quark/quark-partners system are estimated to be

LL
Mass = ! m⇤QQ !

�f L

g⇤
m⇤ (qL Q + h.c.) ,

LR
Mass = ! m⇤ ÷T ÷T !

�f R

g⇤
m⇤ (tR ÷T + h.c.) . (2.4.14)

Even if we did not indicate it explicitly, the �f L,R couplings in the above
equation are clearly the ones evolved tom⇤ according to Eq. (2.4.11). How-
ever from the low-energy viewpoint we can ignore their microscopic origin
and regard them as free input parameters. The mass matrices are easily di-
agonalized leading to two massless Eigenstates, which we identify with the
physical qL and tR quarks, plus heavy resonances. The light states are par-
tially composite as in Eq. (2.4.12) with compositeness fractions

sin✓f
L =

�f L!
g2

⇤ + ( �f L )2
"

�f L

g⇤
, sin✓f

R =
�f R!

g2
⇤ + ( �f R )2

"
�f R

g⇤
,

(2.4.15)
In the second set of equalities we took the limit�f L # g⇤, which is most likely
appropriate for the light ßavors but not necessarily so for the top quark.

We are Þnally in the position to estimate the Yukawa couplings, out of
which the SM particles eventually acquire their mass after EWSB. TheQ
and ÷T partners couple to the Higgs with coupling strengthg⇤ and this gives
rise, after the rotation to the mass basis, to Yukawa couplings of the massless
eigenstates which are proportional to the left- and right-handed composite-
ness fractions. As depicted in Fig.2.3 the Yukawas are given by

yf = g⇤ sin✓f
L sin✓f

R "
�f L�f R

g⇤
. (2.4.16)

Light SM particles, with small Yukawas, are thus characterized by small�Õs
and thus by a tiny compositeness fraction sin✓f

L,R # 1 while the top is
obliged to be composite to a large extent in order to obtain its large Yukawa.

This concludes our Þrst illustration of partial compositeness. Though
qualitative, it should be su! cient to transmit the general idea. However it

[Panico, Wulzer Õ15]

If we are only interested in the non-linearities:
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to be extended toSO(5) ! U (1)X . Otherwise, the elementary quarks and leptons can

not be embedded in representations of the global symmetry5. Given that U (1)X is

not broken, ! is not charged under this group and the previous computations are not

a" ected.

The full description of the Yukawa lagrangian requires the introduction of the com-

posite partners according to the partial compositeness language, and are in fact worked

out in detail in the next section. However, if we are only interested in the lowest-mass

degrees of freedom we can decouple the heavy massesmQ (that is, mQ " # being #

any other relevant scale). This is useful, for instance, if we only want to know the SM

corrections to the Yukawa sector coming from non-linear e" ects. In that case, we only

need to introduce, for each fermion family, four new multiplets ofSO(5), that we call

Q2/ 3
L , Q�1/ 3

L , UR and DR. The SM up (uL,R ) and down (dL,R ) Þelds are embedded in

these multiplets in the following way (see AppendixC):

Q2/ 3
L =

1
#

2
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dL , $ idL , uL , iuL , 0
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, UR =
1

#
2
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◆T

, DR =
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#
2

✓
0, 0, 0, 0,

#
2dR

◆T

. (4.13)

The superscript inQL denotes the charge underU (1)X , while UR and DR have charges

X = 2/3 andX = $ 1/3 respectively. The hyperchargesY = T 3

R + X of the quark Þelds

are thus correctly reproduced in this embedding. The Yukawa lagrangian is then given

by the following equation (note that we are ignoring family mixings):

LY = f
h
$ yu(UR! )( ! TQ2/ 3

L ) $ yd(DR! )( ! TQ�1/ 3
L )

i
+ h.c.

= $
f

#
2

sin
✓
h

f

◆
cos

✓
h

f
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yuuLuR + yd dL dR + h.c.

�
. (4.14)

Again, after EWSB, h % h+ &h' , and we obtain, up to factors of orderO(h2/f 2) 6, the

5If we were not introducing an extra U(1)X group, the hypercharge would be given by the T3 gen-
erator of SU(2)R . However, the five-plets in SO(5) (see Appendix C for more details) only decompose
under this T3 in representations of charge +1/2 and -1/2, so that fermions with hypercharges di↵erent
from these values are not allowed.

6Higher-order terms produce e↵ective tree-level interactions with two Higgs bosons and two
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The couplings break the global symmetry explicitly

Elementary fermions mix with strong-interacting sector by linear couplings
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Mixing with top partners generate the top Yukawas

[Kaplan Ô91]

Connection between top partner masses and Higgs mass

Low tuning = light top partner masses
[Matsedonskyi, Panico, Wulzer Õ12, 

Marzocca, Serone, Shu Õ12, Pomarol, Riva Õ12,  

Panico, Redi, Tesi, Wulzer Õ12,  
Pappadopulo, Thamm, Torre Õ13]
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yt =

f L

f R

sin ! f

L

sin ✓f

R

Q

T̃

H
= g! · sin✓f

L
· sin✓f

R

g⇤

Figure 2.3: Yukawa couplings generation in partial compositeness, under the sup-
plementary hypothesis of VMD as explained in the text.

terms of the quark/quark-partners system are estimated to be

LL
Mass = ! m⇤QQ !

�f L

g⇤
m⇤ (qL Q + h.c.) ,
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Mass = ! m⇤ ÷T ÷T !

�f R

g⇤
m⇤ (tR ÷T + h.c.) . (2.4.14)

Even if we did not indicate it explicitly, the �f L,R couplings in the above
equation are clearly the ones evolved tom⇤ according to Eq. (2.4.11). How-
ever from the low-energy viewpoint we can ignore their microscopic origin
and regard them as free input parameters. The mass matrices are easily di-
agonalized leading to two massless Eigenstates, which we identify with the
physical qL and tR quarks, plus heavy resonances. The light states are par-
tially composite as in Eq. (2.4.12) with compositeness fractions

sin✓f
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"

�f L

g⇤
, sin✓f

R =
�f R!

g2
⇤ + ( �f R )2

"
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,

(2.4.15)
In the second set of equalities we took the limit�f L # g⇤, which is most likely
appropriate for the light ßavors but not necessarily so for the top quark.

We are Þnally in the position to estimate the Yukawa couplings, out of
which the SM particles eventually acquire their mass after EWSB. TheQ
and ÷T partners couple to the Higgs with coupling strengthg⇤ and this gives
rise, after the rotation to the mass basis, to Yukawa couplings of the massless
eigenstates which are proportional to the left- and right-handed composite-
ness fractions. As depicted in Fig.2.3 the Yukawas are given by

yf = g⇤ sin✓f
L sin✓f

R "
�f L�f R

g⇤
. (2.4.16)

Light SM particles, with small Yukawas, are thus characterized by small�Õs
and thus by a tiny compositeness fraction sin✓f

L,R # 1 while the top is
obliged to be composite to a large extent in order to obtain its large Yukawa.

This concludes our Þrst illustration of partial compositeness. Though
qualitative, it should be su! cient to transmit the general idea. However it

[Panico, Wulzer Õ15]
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Many possibilities:

Mrazek et al., ’11
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                                                                                          Composite Higgs Dark Matter

1 Introduction

¥ The great success of the WIMP paradigm suggests that the DM and the physics
responsible for stabilizing the EW scale might have a common origin.

¥ One very appealing possibility is non-minimal composite Higgs models. It has been
studied since many years.

¥ We extend previous works [1–3] in several ways: (i) instead of focusing on a par-
ticular model, we adopt a generic parameterization that captures the main fea-
tures of cosets like SO(6)/SO (5) (with 6, 15, 20, ..), SO(7)/SO (6) (with 7, 27, ...),
SO(7)/G 2 (with 7, 8, 35, ...), SO(6)/SO (4) (with 6, 15, 20, ...), SO(5)⇥U(1)/SO (4),
SO(7)/SO (5). This formalism also allows us to link the phenomenology of the
goldstone bosons with that of the fermionic resonances. (ii) We consider the latest
experimental data, including LHC searches for heavy pair-produced resonances at
13 TeV. (iii) We also consider the reach of a future 100 TeV collider. (iv) We quan-
tify the e! ect of having all resonances of a multiplet at once, instead of constraints
on each separately. (v) We match to representations not previously considered (for
example, 20 in SO(6)/SO(5)).

2 Parameterization

The relevant Lagrangian is parameterized by m! and g! , namely the typical mass of the
fermionic resonances and the typical coupling of the strong sector. REMARK THAT
DIFFERENT PARAMETERS CAN LEAD TO SAME PREDICTIONS (NOT
ALL PARAMETERS ARE WELL DEFINED, FOR EXAMPLE f RESCAL-
ING CAN BE MIMIC BY CHANGING OF a, BUT THE PARAMETERI-
ZATION IS SIMPLE AND USEFUL .

L = |DµH |2
!
1 � a1

S2

f 2

"
+

a2

f 2
@µ|H |2(S@µS) +

1

2
(@µS)2

!
1 � 2a3

|H |2

f 2

"

� m2
! f 2 Ncy2

t

(4⇡)2

!
�↵

|H |2

f 2
+ �

|H |4

f 4
+ �

S2

f 2
+ �

S2|H |2

f 4

"
+

!
i✏

yt
f 2

S2qLHt R + h.c.

"
+ á á á

(2.1)

where ↵, �, �, �, ✏ are O(1) coe" cients, f = m! /g ! , Nc is the number of SU(3) colors
and yt is the top Yukawa coupling. On top of this Lagrangian, we consider a 4-plet of
fermionic resonances and a singlet, all with mass m! . For definitess, we assume that the
decay rate of the di! erent components are [4]:

BR(T, X2/3 ! ht) ⇠ BR(T, X2/3 ! Zt ) ⇠ 0.5 ,

BR(B ! W�t) ⇠ BR(X 5/3 ! W + t) ⇠ BR(T 0 ! St) ⇠ 1 . (2.2)

3

General parameterisation:

11

[Chala, RG, Spannowsky Õ18]
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Annihilation  
cross section  
dominated by  
H2S2 interactions

Main difference to non-composite case: derivative interactions

a =a 1 =  a3 =  a3

(or two longitudinal gauge bosons) reads

V =
i

f 2

"
! 2Nc�
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⇢

(4⇡)2
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2iN cm2
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(4⇡)2f 2
[2(2a1 + 2a2 + a3)� ! �] , (3.1)

where p1 and p2 are the four-momenta of the Goldstone bosons while p3 and p4 stand for

those of the DM particles. All momenta are assumed to be incoming. Due to momentum

conservation we have the relation (p1+p2) = ! (p3+p4). The last equality in Eq. (3.1) holds

in the limit in which mS # mh, mW , mZ . We have neglected O(v2/f 2) terms in mS, where

v " 246 GeV denotes the EW vacuum expectation value. In CHMs where both S and H
come in the same multiplet of a larger group G, one expects a1 = a2 = a3 $ a. In such

a case, the derivative interactions drive the DM annihilation provided a� > �/ 10. Given

that all these couplings are expected to be ! O(1), derivative interactions are expected to

be highly relevant in this class of models. Similar results have been previously pointed out

in Refs. [18, 20, 22, 23, 25, 32, 33]. For a� " �/ 10, V in Eq. 3.1 is very small, and therefore

✏ %= 0 can dominate the DM annihilation rate; see Ref. [33] for an explicit example.

Regarding g⇢ and f , the relic density scales as ! h2 " m2
S/V 2 " f 2/g 2

⇢. As a con-

sequence, very large values of f , as well as very small values of g⇢, are excluded by the

requirement ! h2 " ! h2
obs " 0.11, where ! h2

obs stands for the measured value of the total

relic abundance [34]. Concerning direct detection constraints, derivative interactions are

irrelevant as they are velocity suppressed. We consider current LUX limits [35] and future

LZ goals [36] on spin-independent cross sections. In our notation, the theoretical prediction

for the spin-independent cross section reads

� "
9

256⇡5
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N f 2
N �2

g4⇢
m4

hm2
S

, (3.2)

with f N " 0.3 [37, 38] and mN " 1 GeV. Bounds from direct searches are therefore com-

plementary to those set by the upper limit on ! h2. Furthermore, both are parametrically

complementary to the quantity g⇢f tested by collider searches for VLQs. Finally, indirect

searches are of little relevance for scalar singlet models like the ones considered here [25, 39].

4 Searches for new resonances

The masses of the top partners in Eq. 2.2 scale like m⇢ = g⇢f . Thus, collider searches for

VLQs are also complementary to the bounds set by direct-detection experiments and the

measurement of the relic abundance. Moreover, contrary to direct detection tests, they are

independent of the value of �.

In order to compute the reach of current LHC data to the heavy resonances, we use

VLQlimits [5]. This code includes the information of several experimental searches, at

both 8 TeV [40] and 13 TeV [41–43] with the largest luminosity, as well as SUSY searches
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conservation we have the relation (p1+p2) = �(p3+p4). The last equality in Eq. (3.1) holds

in the limit in which mS � mh,mW ,mZ . We have neglected O(v2/f2) terms in mS , where

v ⇠ 246 GeV denotes the EW vacuum expectation value. In CHMs where both S and H

come in the same multiplet of a larger group G, one expects a1 = a2 = a3 ⌘ a. In such

a case, the derivative interactions drive the DM annihilation provided a� > �/10. Given

that all these couplings are expected to be . O(1), derivative interactions are expected to

be highly relevant in this class of models. Similar results have been previously pointed out

in Refs. [18, 20, 22, 23, 25, 32, 33]. For a� ⇠ �/10, V in Eq. 3.1 is very small, and therefore

✏ 6= 0 can dominate the DM annihilation rate; see Ref. [33] for an explicit example.

Regarding g! and f , the relic density scales as ! h2 ⇠ m2
S
/V 2 ⇠ f2/g2

! . As a con-

sequence, very large values of f , as well as very small values of g! , are excluded by the

requirement ! h2 6 ! h2
obs ⇠ 0.11, where ! h2

obs stands for the measured value of the total

relic abundance [34]. Concerning direct detection constraints, derivative interactions are

irrelevant as they are velocity suppressed. We consider current LUX limits [35] and future

LZ goals [36] on spin-independent cross sections. In our notation, the theoretical prediction

for the spin-independent cross section reads
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with fN ⇠ 0.3 [37, 38] and mN ⇠ 1 GeV. Bounds from direct searches are therefore com-

plementary to those set by the upper limit on ! h2. Furthermore, both are parametrically

complementary to the quantity g! f tested by collider searches for VLQs. Finally, indirect

searches are of little relevance for scalar singlet models like the ones considered here [25, 39].

4 Searches for new resonances

The masses of the top partners in Eq. 2.2 scale like m! = g! f . Thus, collider searches for

VLQs are also complementary to the bounds set by direct-detection experiments and the

measurement of the relic abundance. Moreover, contrary to direct detection tests, they are

independent of the value of �.

In order to compute the reach of current LHC data to the heavy resonances, we use

VLQlimits [5]. This code includes the information of several experimental searches, at

both 8 TeV [40] and 13 TeV [41–43] with the largest luminosity, as well as SUSY searches
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where p1 and p2 are the four-momenta of the Goldstone bosons whilep3 and p4 stand for
those of the DM particles. All momenta are assumed to be incoming. Due to momentum
conservation we have the relation (p1+ p2) = �(p3+ p4). The last equality in Eq. ( 3.1) holds
in the limit in which mS � mh,mW ,mZ . We have neglectedO(v2/f2) terms in mS , where
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a case, the derivative interactions drive the DM annihilation provided a# > ! /10. Given
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$ 6= 0 can dominate the DM annihilation rate; see Ref. [33] for an explicit example.

Regarding g! and f , the relic density scales as! h2 ⇠ m2
S
/V 2 ⇠ f2/g2! . As a con-

sequence, very large values off , as well as very small values ofg! , are excluded by the
requirement ! h2 " ! h2obs ⇠ 0.11, where! h2obs stands for the measured value of the total
relic abundance [34]. Concerning direct detection constraints, derivative interactions are
irrelevant as they are velocity suppressed. We consider current LUX limits [35] and future
LZ goals [36] on spin-independent cross sections. In our notation, the theoretical prediction
for the spin-independent cross section reads
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with fN ⇠ 0.3 [37, 38] and mN ⇠ 1 GeV. Bounds from direct searches are therefore com-
plementary to those set by the upper limit on ! h2. Furthermore, both are parametrically
complementary to the quantity g! f tested by collider searches for VLQs. Finally, indirect
searches are of little relevance for scalar singlet models like the ones considered here [25, 39].

4 Searches for new resonances

The masses of the top partners in Eq.2.2 scale likem! = g! f . Thus, collider searches for
VLQs are also complementary to the bounds set by direct-detection experiments and the
measurement of the relic abundance. Moreover, contrary to direct detection tests, they are
independent of the value of! .

In order to compute the reach of current LHC data to the heavy resonances, we use
VLQlimits [5]. This code includes the information of several experimental searches, at
both 8 TeV [40] and 13 TeV [41Ð43] with the largest luminosity, as well as SUSY searches
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The sigma-model Lagrangian at the leading order in derivatives reads

L� =
1

4
f 2d2, d2 = da

µdaµ , (5.1)

where da
µ is the projection of the Maurer-Cartan one-form of the broken generators. It is

explicitly defined by the equality

! iU   DµU = da
µX a + Ti terms, with U = exp

!
i
"
2
⇧

f

"
. (5.2)

G/ H qL + tR a1 a2 a3 � �

SO(6)/SO (5)

6+ 1

1/ 3 1/ 3 1/ 3

! !
6+ 15 # 1 # 1

15+ 15 # 1 # 1

20+ 1 1/ 4 1/ 5

SO(7)/SO (6)

7+ 1

1/ 3 1/ 3 1/ 3
! !

7+ 7 ! !
27+ 1 $ 1/ 4 $ 1/ 5

SO(7)/G 2
8+ 8

1/ 3 1/ 3 1/ 3
! !

35+ 1 1/ 4 1/ 5
SO(6)/SO (4) 6+ 6 0 1/ 6 1/ 3 ! !

SO(5) %U(1)/SO (4) 5+ 5 0 0 0 # 1 # 1

SO(7)/SO (5) 7+ 7 < 1/ 3 < 1/ 3 1/ 3 ! !
SO(7)/SO (6)

27+ 1 & 0.3 & 0.3 & 0.3 & 1/ 4 &
"
2/ 5

[complex case]

Table 2: Summary of the values that theO(1) coe�cients in Eq. 2.1 can take in di↵erent CHMs.
See the text in Secs. (5.1-5.5) for details on the possible assumptions made in each case.

5.1 SO(6)/SO (5) and related models

We start considering the symmetry breaking pattern SO(6)/SO (5) [21]. The generators

can be chosen to be

Tmn
ij = !

i
"
2
(�m

i �n
j ! �n

i �
m
j ) , m < n ' [1, 5] , (5.3)

X m6
ij = !

i
"
2
(�m

i �6
j ! �6

i �
m
j ) , m ' [1, 5] . (5.4)

X 16, ..., X 46 expand the coset space of the Higgs doublet. The broken generator associated

to S is provided by X 56. Expanding L� in powers of 1/f we get

L� = |DµH |2
#
1 !

S2

3f 2

$
+

1

2
(@µS)2

#
1 ! 2

|H |2

3f 2

$
+

1

3f 2@µ |H |2(S@µS) + á á á
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                                                                                          Collider searches: Vector-like quarks
Bi-doublet under SU(2) L x SU(2) R

Lagrangian explicitly as

L = |DµH |2
!
1 � a1

S2

f2

"
+

a2

f2 ! µ |H |2(S! µS) +
1

2
(! µS)

2
!
1 � 2a3

|H |2

f2

"

� m2
! f

2 Ncy2
t

(4" )2

!
�#

|H |2

f2 + $
|H |4

f4 + %
S2

f2 + &
S2|H |2

f4

"
+

!
i'
yt

f2S
2qLHtR + h.c.

"
, (2.1)

where a1, a2, a3 and # ,$,%,&, ' are O(1), f = m! /g! , Nc is the number of SU(3) colours

and yt ⇠ 1 is the top Yukawa coupling. Note that not all these parameters are physical:

for instance, a scaling of f could be reabsorbed in the dimensionless coe! cients. Likewise,

only a particular combination of these coe! cients enter into physical observables, e.g. the

DM annihilation cross section (see below). This parametrization is simple, predictive, yet

flexible enough, and it can comprise very di" erent CHMs. Moreover, it reflects the expected

power counting in these setups [27, 28]. Finally, we emphasize that, being a strong coupling,

g! is expected to be ! 1, while perturbative unitarity implies2 g! " 2
p
2" ⇠ 5. We restrict

ourselves to this range henceforth.

One can easily link the phenomenology of pair-produced VLQs with that of S. As

a matter of fact, the former depends only on the mass of the VLQs, which is just given

by m! ⇠ g! f . The number of such resonances and their charges depend crucially on the

coset structure. In all our cases of interest, however, there is always a fourplet of VLQs

transforming as (2, 2) under the custodial group SU(2)L ⇥SU(2)R and/or a VLQ decaying

100% into St, with h the physical Higgs boson and t the SM top quark. For concreteness

we assume that the decay rates of the di" erent components in the fourplet are [31]

BR(T,X2/ 3 ! ht) ⇠ BR(T,X2/ 3 ! Zt) ⇠ 0.5 ,

BR(B ! W ! t) ⇠ BR(X5/ 3 ! W + t) ⇠ BR(T " ! St) ⇠ 1 . (2.2)

3 Dark matter phenomenology

Contrary to the derivative interactions in Eq. 2.1, the e" ective coupling driven by ' is not

enhanced by the DM mass, mS, at the annihilation scale. Additionally, it is suppressed

by an additional 1/f factor with respect to the Higgs portal coupling in the potential

(proportional to &) in the low-energy DM-nucleon interactions. For these reasons, we take

it to be zero hereafter for simplicity, but we will comment on the implications of switching

it on when relevant.

Thus, the annihilation cross section is driven by the |H |2S2 interaction, receiving

contributions from both the sigma model Lagrangian and the potential. In particular, the

Feynman rule associated to the quartic coupling between two DM particles and two Higgses

2The
p

2⇡ reduction on this estimation in comparison with the naive 4 ⇡ has been pointed out e.g. in
Refs. [29, 30]. Often, the upper value

p
4⇡ is also used in the literature.
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where a1, a2, a3 and # ,$,%,&, ' are O(1), f = m! /g! , Nc is the number of SU (3) colours
and yt ⇠ 1 is the top Yukawa coupling. Note that not all these parameters are physical:
for instance, a scaling off could be reabsorbed in the dimensionless coe! cients. Likewise,
only a particular combination of these coe! cients enter into physical observables,e.g. the
DM annihilation cross section (see below). This parametrization is simple, predictive, yet
ßexible enough, and it can comprise very di" erent CHMs. Moreover, it reßects the expected
power counting in these setups [27, 28]. Finally, we emphasize that, being a strong coupling,
g! is expected to be& 1, while perturbative unitarity implies 2 g! . 2

p
2" ⇠ 5. We restrict

ourselves to this range henceforth.
One can easily link the phenomenology of pair-produced VLQs with that ofS. As

a matter of fact, the former depends only on the mass of the VLQs, which is just given
by m! ⇠ g! f . The number of such resonances and their charges depend crucially on the
coset structure. In all our cases of interest, however, there is always a fourplet of VLQs
transforming as (2,2) under the custodial groupSU (2)L ⇥SU (2)R and/or a VLQ decaying
100% into St, with h the physical Higgs boson andt the SM top quark. For concreteness
we assume that the decay rates of the di" erent components in the fourplet are [31]

BR(T,X2/ 3 ! ht) ⇠ BR(T,X2/ 3 ! Zt) ⇠ 0.5 ,

BR(B ! W�t) ⇠ BR(X5/ 3 ! W + t) ⇠ BR(T 0 ! St) ⇠ 1 . (2.2)

3 Dark matter phenomenology

Contrary to the derivative interactions in Eq. 2.1, the e" ective coupling driven by ' is not
enhanced by the DM mass,mS, at the annihilation scale. Additionally, it is suppressed
by an additional 1/f factor with respect to the Higgs portal coupling in the potential
(proportional to &) in the low-energy DM-nucleon interactions. For these reasons, we take
it to be zero hereafter for simplicity, but we will comment on the implications of switching
it on when relevant.

Thus, the annihilation cross section is driven by the |H |2S2 interaction, receiving
contributions from both the sigma model Lagrangian and the potential. In particular, the
Feynman rule associated to the quartic coupling between two DM particles and two Higgses

2The
p

2⇡ reduction on this estimation in comparison with the naive 4 ⇡ has been pointed out e.g. in
Refs. [29, 30]. Often, the upper value

p
4⇡ is also used in the literature.
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where a1, a2, a3 and #, $, %, &, ' are O(1), f = m! /g ! , Nc is the number of SU(3) colours

and yt ⇠ 1 is the top Yukawa coupling. Note that not all these parameters are physical:

for instance, a scaling of f could be reabsorbed in the dimensionless coe�cients. Likewise,

only a particular combination of these coe�cients enter into physical observables, e.g. the

DM annihilation cross section (see below). This parametrization is simple, predictive, yet

flexible enough, and it can comprise very di↵erent CHMs. Moreover, it reflects the expected

power counting in these setups [27, 28]. Finally, we emphasize that, being a strong coupling,

g! is expected to be & 1, while perturbative unitarity implies2 g! . 2
p
2" ⇠ 5. We restrict

ourselves to this range henceforth.

One can easily link the phenomenology of pair-produced VLQs with that of S. As

a matter of fact, the former depends only on the mass of the VLQs, which is just given

by m! ⇠ g! f . The number of such resonances and their charges depend crucially on the

coset structure. In all our cases of interest, however, there is always a fourplet of VLQs

transforming as (2, 2) under the custodial group SU(2)L⇥SU(2)R and/or a VLQ decaying

100% into St, with h the physical Higgs boson and t the SM top quark. For concreteness

we assume that the decay rates of the di↵erent components in the fourplet are [31]

BR(T, X 2/3 ! ht) ⇠ BR(T, X 2/3 ! Zt ) ⇠ 0.5 ,

BR(B ! W ! t) ⇠ BR(X 5/3 ! W+t) ⇠ BR(T" ! St) ⇠ 1 . (2.2)

3 Dark matter phenomenology

Contrary to the derivative interactions in Eq. 2.1, the e↵ective coupling driven by ' is not

enhanced by the DM mass, mS , at the annihilation scale. Additionally, it is suppressed

by an additional 1/f factor with respect to the Higgs portal coupling in the potential

(proportional to &) in the low-energy DM-nucleon interactions. For these reasons, we take

it to be zero hereafter for simplicity, but we will comment on the implications of switching

it on when relevant.

Thus, the annihilation cross section is driven by the |H |2S2 interaction, receiving

contributions from both the sigma model Lagrangian and the potential. In particular, the

Feynman rule associated to the quartic coupling between two DM particles and two Higgses

2The
!

2! reduction on this estimation in comparison with the naive 4 ! has been pointed out e.g. in
Refs. [29, 30]. Often, the upper value

!
4! is also used in the literature.
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where a1, a2, a3 and #, $, %, &, ' are O(1), f = m! /g ! , Nc is the number of SU(3) colours
and yt " 1 is the top Yukawa coupling. Note that not all these parameters are physical:
for instance, a scaling off could be reabsorbed in the dimensionless coe! cients. Likewise,
only a particular combination of these coe! cients enter into physical observables,e.g. the
DM annihilation cross section (see below). This parametrization is simple, predictive, yet
ßexible enough, and it can comprise very di" erent CHMs. Moreover, it reßects the expected
power counting in these setups [27, 28]. Finally, we emphasize that, being a strong coupling,
g! is expected to be! 1, while perturbative unitarity implies 2 g! " 2

#
2" " 5. We restrict

ourselves to this range henceforth.
One can easily link the phenomenology of pair-produced VLQs with that ofS. As

a matter of fact, the former depends only on the mass of the VLQs, which is just given
by m! " g! f . The number of such resonances and their charges depend crucially on the
coset structure. In all our cases of interest, however, there is always a fourplet of VLQs
transforming as (2, 2) under the custodial group SU(2)L $ SU(2)R and/or a VLQ decaying
100% into St, with h the physical Higgs boson andt the SM top quark. For concreteness
we assume that the decay rates of the di" erent components in the fourplet are [31]

BR(T, X 2/ 3 % ht) " BR(T, X 2/ 3 % Zt ) " 0.5 ,

BR(B % W ! t) " BR(X 5/ 3 % W + t) " BR(T" % St) " 1 . (2.2)

3 Dark matter phenomenology

Contrary to the derivative interactions in Eq. 2.1, the e" ective coupling driven by ' is not
enhanced by the DM mass,mS, at the annihilation scale. Additionally, it is suppressed
by an additional 1/f factor with respect to the Higgs portal coupling in the potential
(proportional to &) in the low-energy DM-nucleon interactions. For these reasons, we take
it to be zero hereafter for simplicity, but we will comment on the implications of switching
it on when relevant.

Thus, the annihilation cross section is driven by the |H |2S2 interaction, receiving
contributions from both the sigma model Lagrangian and the potential. In particular, the
Feynman rule associated to the quartic coupling between two DM particles and two Higgses

2The
!

2! reduction on this estimation in comparison with the naive 4 ! has been pointed out e.g. in
Refs. [29, 30]. Often, the upper value

!
4! is also used in the literature.
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Current limits with VLQlimits [Chala Õ17]sensitive to T ! ! St [44]. The code takes into account the simultaneous presence of all
vector-like fermions in Eq. 2.2. The limits obtained in this way set a robust constraint on

m! = g! f < 1.2 TeV . (4.1)

For a high-luminosity run of the LHC with L = 3 ab" 1, we estimate the corresponding
bound by rescaling the signal and background events with the luminosity. We obtain

m! = g! f < 1.7 TeV . (4.2)

4.1 Search for vector-like quarks with Standard Model decays at 100 TeV

In order to estimate the prospects for the searches of VLQs at 100 TeV, we consider a
3-lepton Þnal state. In case of 2/ 3 charged VLQs such a Þnal state arises inT ! Zt
decays where oneZ boson and one top quark decays leptonically. For 5/ 3 charged or" 1/ 3
charged VLQs this Þnal state arises from decaysX ! W t. While at the LHC searches for
VLQs are mainly performed in 1-or 2-lepton Þnal states (with the exception of the search
[45]), due to the larger cross section, the 3-lepton Þnal state has the advantage of smaller
backgrounds. Since the cross sections are in general larger at the 100 TeV collider than at
the LHC, the 3-lepton Þnal state is an optimal choice for an estimate of the prospects for
searches of VLQs.

We generate the signal withMadgraph5aMC@NLO[46] and useHERWIG[47, 48] for the
parton shower and the hadronization. The model Þle for the signal was generated with
FeynRules [49]. The dominant background processes aretøtV V , tøtt øt and tøtV + jets, with
V = W ± , Z . For the latter we generate samples with an exclusive jet and we merge an
additional jet using Sherpa 2.2.2 [50, 51]. The background events for the processestøtV V
and tøtt øt are generated withMadgraph5aMC@NLOand showered and hadronized withHERWIG.
Jets are clustered with the anti-kt algorithm as implemented in FastJet [52], with a radius
parameter R = 0 .4. For the analysis we useRivet [53].

We apply the following basic selection cuts:

¥ exactly three leptons with |! " | < 2.5 and pT,"1 > 250 GeV, pT,"2 > 100 GeV and
pT,"3 > 20 GeV

¥ at least four jets with pT,j > 40 GeV and |! j | < 5

¥ a cut on the transverse momentum of the leading jetpT,j 1 > 70 GeV

¥ an angular separation between the jets and the leptons of

! R(j, ") =
!

! #2
j " + ! ! 2

j " > 0.3

¥ We consider leptons to be isolated if they satisfy the so-called Òmini-isolationÓ crite-
rion [54], as for very boosted objects the angle between the leptons and other decay
products of the boosted object decreases. Hence we require for our analysis that

pin cone
T /p T " > 0.1, (4.3)
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High luminosity LHC

sensitive to T ! ! St [44]. The code takes into account the simultaneous presence of all
vector-like fermions in Eq. 2.2. The limits obtained in this way set a robust constraint on

m! = g! f < 1.2 TeV . (4.1)

For a high-luminosity run of the LHC with L = 3 ab" 1, we estimate the corresponding
bound by rescaling the signal and background events with the luminosity. We obtain

m! = g! f < 1.7 TeV . (4.2)

4.1 Search for vector-like quarks with Standard Model decays at 100 TeV

In order to estimate the prospects for the searches of VLQs at 100 TeV, we consider a
3-lepton Þnal state. In case of 2/ 3 charged VLQs such a Þnal state arises inT ! Zt
decays where oneZ boson and one top quark decays leptonically. For 5/ 3 charged or" 1/ 3
charged VLQs this Þnal state arises from decaysX ! W t. While at the LHC searches for
VLQs are mainly performed in 1-or 2-lepton Þnal states (with the exception of the search
[45]), due to the larger cross section, the 3-lepton Þnal state has the advantage of smaller
backgrounds. Since the cross sections are in general larger at the 100 TeV collider than at
the LHC, the 3-lepton Þnal state is an optimal choice for an estimate of the prospects for
searches of VLQs.

We generate the signal withMadgraph5aMC@NLO[46] and useHERWIG[47, 48] for the
parton shower and the hadronization. The model Þle for the signal was generated with
FeynRules [49]. The dominant background processes aretøtV V , tøtt øt and tøtV + jets, with
V = W ± , Z . For the latter we generate samples with an exclusive jet and we merge an
additional jet using Sherpa 2.2.2 [50, 51]. The background events for the processestøtV V
and tøtt øt are generated withMadgraph5aMC@NLOand showered and hadronized withHERWIG.
Jets are clustered with the anti-kt algorithm as implemented in FastJet [52], with a radius
parameter R = 0 .4. For the analysis we useRivet [53].

We apply the following basic selection cuts:

¥ exactly three leptons with |! " | < 2.5 and pT,"1 > 250 GeV, pT,"2 > 100 GeV and
pT,"3 > 20 GeV

¥ at least four jets with pT,j > 40 GeV and |! j | < 5

¥ a cut on the transverse momentum of the leading jetpT,j 1 > 70 GeV

¥ an angular separation between the jets and the leptons of

! R(j, ") =
!

! #2
j " + ! ! 2

j " > 0.3

¥ We consider leptons to be isolated if they satisfy the so-called Òmini-isolationÓ crite-
rion [54], as for very boosted objects the angle between the leptons and other decay
products of the boosted object decreases. Hence we require for our analysis that

pin cone
T /p T " > 0.1, (4.3)
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                                                                                          Vector-like quarks @ 100 TeV
3-lepton final state

sensitive to T ! ! St [44]. The code takes into account the simultaneous presence of all
vector-like fermions in Eq. 2.2. The limits obtained in this way set a robust constraint on
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For a high-luminosity run of the LHC with L = 3 ab" 1, we estimate the corresponding
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4.1 Search for vector-like quarks with Standard Model decays at 100 TeV

In order to estimate the prospects for the searches of VLQs at 100 TeV, we consider a
3-lepton Þnal state. In case of 2/ 3 charged VLQs such a Þnal state arises inT ! Zt
decays where oneZ boson and one top quark decays leptonically. For 5/ 3 charged or" 1/ 3
charged VLQs this Þnal state arises from decaysX ! W t. While at the LHC searches for
VLQs are mainly performed in 1-or 2-lepton Þnal states (with the exception of the search
[45]), due to the larger cross section, the 3-lepton Þnal state has the advantage of smaller
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parton shower and the hadronization. The model Þle for the signal was generated with
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and tøtt øt are generated withMadgraph5aMC@NLOand showered and hadronized withHERWIG.
Jets are clustered with the anti-kt algorithm as implemented in FastJet [52], with a radius
parameter R = 0 .4. For the analysis we useRivet [53].
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¥ We consider leptons to be isolated if they satisfy the so-called Òmini-isolationÓ crite-
rion [54], as for very boosted objects the angle between the leptons and other decay
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and
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pT,track , (4.5)

where the sum runs over all tracks (except the respective lepton track) withpT,track >
1 GeV.

Furthermore, we apply the following cuts in the order

1. we require that exactly two of the jets are tagged asbÐjets, nb = 2. The angular
separation betweenbÐjets and light jets is required to be! R(j, b) > 0.3. The tagging
e" ciency of the bÐjets is set to 70% and the mistagging e" ciency to 2%.

2. we set a cut onHT > 6 TeV where HT =
"

leptons pT,! +
"

jets pT,j + ET,miss .

3. if we discuss the searches for 2/3 charged fermions we also request that the oneZ
boson mass is reconstructed from either ae+ e! pair or a µ+ µ! pair in the window
71 GeV < M ! + ! ! < 111 GeV.

The cutßow for the background processes and the signal formT = 5 TeV under the as-
sumption that Br( T ! tZ ) = 1 is shown in Table 1. We give also the cutßow forX 5/ 3

øX 5/ 3

pair production for mX 5/ 3 = 5 TeV under the assumption that Br( X 5/ 3 ! W + t) = 1.
Note that this is equivalent to B øB production. As it can be inferred from the table, the
cut on HT gives a very good handle on the signal over the background. We exemplify this
also further in Fig. 1 where theHT distribution for the di #erent background processes and
the T øT signal for the massesmT = 5 TeV (red) and mT = 3 TeV (blue) is shown. For
simplicity of the Þgure, we unify the background processestøtW + W ! , tøtW ± Z and tøtZZ
and the processestøtZj [j ] and tøtW ± j [j ] into one, since they have a very similar shape (with
the tøtW ± Z tending to slightly larger HT than tøtW + W ! and tøtZZ ) . As can be inferred
from the Þgure, the HT variable can be used to distinguish very well between signal and
background processes. With increasing mass of the top partnermT , the HT distribution
of the signal peak at higherHT .

We implement a simple counting approach and hence compute the signiÞcance by

Z =
S

"
S + B

(4.6)

where S is the number of signal events andB is the number of background events.
We then Þnd that at a 100 TeV collider with L = 300 fb! 1 (L = 1000 fb! 1) masses of

the top partner of up to mT = 5 TeV ( mT = 5 .7 TeV) can be excluded at 2" , assuming
BR(T ! tZ ) = 1. The discovery reach is mT = 3 .8 TeV for L = 300 fb! 1 and mT =
4.6 TeV for L = 1000 fb! 1. For a 5/ 3 or # 1/ 3 charged VLQ we Þnd that masses up to
mX 5/ 3 = 4 .8 TeV (mX 5/ 3 = 5 .5 TeV) for BR( X 5/ 3 ! W + t) = 1 or BR( B ! W ! t) = 1 can
be excluded. Note that the sensitivity is a bit less stringent than for the top partners, since
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BR(T ! tZ ) = 1. The discovery reach is mT = 3 .8 TeV for L = 300 fb! 1 and mT =
4.6 TeV for L = 1000 fb! 1. For a 5/ 3 or # 1/ 3 charged VLQ we Þnd that masses up to
mX 5/ 3 = 4 .8 TeV (mX 5/ 3 = 5 .5 TeV) for BR( X 5/ 3 ! W + t) = 1 or BR( B ! W ! t) = 1 can
be excluded. Note that the sensitivity is a bit less stringent than for the top partners, since
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Figure 2: BRs that can be excluded at the 2! level for T ! Zt (left) and B ! W ! t (right) for
L = 300 fb! 1 (light blue) and L = 1000 fb! 1 (dark blue) at a 100 TeV collider in the 3-lepton Þnal
state.

Figure 3: Left) Normalized distribution for " in pair-produced stops (thin lines) and VLQs (thick
lines) for M = 2 TeV (orange) and M = 6 TeV (green). Right) Pair-production cross section at
"

s = 100 TeV for stops (green dashed line) and for VLQs (solid orange line). In all cases,M
stands for either the mass of the stop or the massm! of the VLQ.

Finally, we show exclusion limits in the presence of several VLQ transforming in a (2, 2)
under SU(2)L # SU(2)R assuming their masses are approximately given bym! and their
BRs are as given in Eq. (2.2). In such a case we can add up their cross sections. We then
obtain that masses up to m! = 5 .7 TeV (m! = 6 .4 TeV) can be probed forL = 300 fb! 1

(L = 1000 fb! 1).

4.2 Search for St St at 100 TeV

Prospects forpp ! T"T" ! St St can be obtained from those for pair-produced stops [55].
Although scalars and fermions presenta priori di! erent kinematics due to the di! erent
structure of their interactions with SM particles, the kinematic di ! erences are small. To
show that, we depict in the left panel of Fig. 3 the boost factor (" ) distribution of pair-
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Figure 2: BRs that can be excluded at the 2! level for T ! Zt (left) and B ! W ! t (right) for
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state.

Figure 3: Left) Normalized distribution for " in pair-produced stops (thin lines) and VLQs (thick
lines) for M = 2 TeV (orange) and M = 6 TeV (green). Right) Pair-production cross section at
"

s = 100 TeV for stops (green dashed line) and for VLQs (solid orange line). In all cases,M
stands for either the mass of the stop or the massm! of the VLQ.

Finally, we show exclusion limits in the presence of several VLQ transforming in a (2, 2)
under SU(2)L # SU(2)R assuming their masses are approximately given bym! and their
BRs are as given in Eq. (2.2). In such a case we can add up their cross sections. We then
obtain that masses up to m! = 5 .7 TeV (m! = 6 .4 TeV) can be probed forL = 300 fb! 1

(L = 1000 fb! 1).

4.2 Search for St St at 100 TeV

Prospects forpp ! T"T" ! St St can be obtained from those for pair-produced stops [55].
Although scalars and fermions presenta priori di! erent kinematics due to the di! erent
structure of their interactions with SM particles, the kinematic di ! erences are small. To
show that, we depict in the left panel of Fig. 3 the boost factor (" ) distribution of pair-
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if
! R(! , track) < 10 GeV/p T,! , (4.4)

and
pin cone

T, =
!

track

pT,track , (4.5)

where the sum runs over all tracks (except the respective lepton track) withpT,track >
1 GeV.

Furthermore, we apply the following cuts in the order

1. we require that exactly two of the jets are tagged asbÐjets, nb = 2. The angular
separation betweenbÐjets and light jets is required to be! R(j, b) > 0.3. The tagging
e" ciency of the bÐjets is set to 70% and the mistagging e" ciency to 2%.

2. we set a cut onHT > 6 TeV where HT =
"

leptons pT,! +
"

jets pT,j + ET,miss .

3. if we discuss the searches for 2/3 charged fermions we also request that the oneZ
boson mass is reconstructed from either ae+ e! pair or a µ+ µ! pair in the window
71 GeV < M ! + ! ! < 111 GeV.

The cutßow for the background processes and the signal formT = 5 TeV under the as-
sumption that Br( T ! tZ ) = 1 is shown in Table 1. We give also the cutßow forX 5/ 3

øX 5/ 3

pair production for mX 5/ 3 = 5 TeV under the assumption that Br( X 5/ 3 ! W + t) = 1.
Note that this is equivalent to B øB production. As it can be inferred from the table, the
cut on HT gives a very good handle on the signal over the background. We exemplify this
also further in Fig. 1 where theHT distribution for the di #erent background processes and
the T øT signal for the massesmT = 5 TeV (red) and mT = 3 TeV (blue) is shown. For
simplicity of the Þgure, we unify the background processestøtW + W ! , tøtW ± Z and tøtZZ
and the processestøtZj [j ] and tøtW ± j [j ] into one, since they have a very similar shape (with
the tøtW ± Z tending to slightly larger HT than tøtW + W ! and tøtZZ ) . As can be inferred
from the Þgure, the HT variable can be used to distinguish very well between signal and
background processes. With increasing mass of the top partnermT , the HT distribution
of the signal peak at higherHT .

We implement a simple counting approach and hence compute the signiÞcance by

Z =
S

"
S + B

(4.6)

where S is the number of signal events andB is the number of background events.
We then Þnd that at a 100 TeV collider with L = 300 fb! 1 (L = 1000 fb! 1) masses of

the top partner of up to mT = 5 TeV ( mT = 5 .7 TeV) can be excluded at 2" , assuming
BR(T ! tZ ) = 1. The discovery reach is mT = 3 .8 TeV for L = 300 fb! 1 and mT =
4.6 TeV for L = 1000 fb! 1. For a 5/ 3 or # 1/ 3 charged VLQ we Þnd that masses up to
mX 5/ 3 = 4 .8 TeV (mX 5/ 3 = 5 .5 TeV) for BR( X 5/ 3 ! W + t) = 1 or BR( B ! W ! t) = 1 can
be excluded. Note that the sensitivity is a bit less stringent than for the top partners, since
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if
! R(! , track) < 10 GeV/p T,! , (4.4)

and
pin cone

T, =
!

track

pT,track , (4.5)

where the sum runs over all tracks (except the respective lepton track) withpT,track >
1 GeV.

Furthermore, we apply the following cuts in the order

1. we require that exactly two of the jets are tagged asbÐjets, nb = 2. The angular
separation betweenbÐjets and light jets is required to be! R(j, b) > 0.3. The tagging
e" ciency of the bÐjets is set to 70% and the mistagging e" ciency to 2%.

2. we set a cut onHT > 6 TeV where HT =
"

leptons pT,! +
"

jets pT,j + ET,miss .

3. if we discuss the searches for 2/3 charged fermions we also request that the oneZ
boson mass is reconstructed from either ae+ e! pair or a µ+ µ! pair in the window
71 GeV < M ! + ! ! < 111 GeV.

The cutßow for the background processes and the signal formT = 5 TeV under the as-
sumption that Br( T ! tZ ) = 1 is shown in Table 1. We give also the cutßow forX 5/ 3

øX 5/ 3

pair production for mX 5/ 3 = 5 TeV under the assumption that Br( X 5/ 3 ! W + t) = 1.
Note that this is equivalent to B øB production. As it can be inferred from the table, the
cut on HT gives a very good handle on the signal over the background. We exemplify this
also further in Fig. 1 where theHT distribution for the di #erent background processes and
the T øT signal for the massesmT = 5 TeV (red) and mT = 3 TeV (blue) is shown. For
simplicity of the Þgure, we unify the background processestøtW + W ! , tøtW ± Z and tøtZZ
and the processestøtZj [j ] and tøtW ± j [j ] into one, since they have a very similar shape (with
the tøtW ± Z tending to slightly larger HT than tøtW + W ! and tøtZZ ) . As can be inferred
from the Þgure, the HT variable can be used to distinguish very well between signal and
background processes. With increasing mass of the top partnermT , the HT distribution
of the signal peak at higherHT .

We implement a simple counting approach and hence compute the signiÞcance by

Z =
S

"
S + B

(4.6)

where S is the number of signal events andB is the number of background events.
We then Þnd that at a 100 TeV collider with L = 300 fb! 1 (L = 1000 fb! 1) masses of

the top partner of up to mT = 5 TeV ( mT = 5 .7 TeV) can be excluded at 2" , assuming
BR(T ! tZ ) = 1. The discovery reach is mT = 3 .8 TeV for L = 300 fb! 1 and mT =
4.6 TeV for L = 1000 fb! 1. For a 5/ 3 or # 1/ 3 charged VLQ we Þnd that masses up to
mX 5/ 3 = 4 .8 TeV (mX 5/ 3 = 5 .5 TeV) for BR( X 5/ 3 ! W + t) = 1 or BR( B ! W ! t) = 1 can
be excluded. Note that the sensitivity is a bit less stringent than for the top partners, since
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                                                                                          Vector-like quarks @ 100 TeV
singlet VLQ can decay with BR ! 1 to S t

missing E T and top quarks SUSY searches for stops

recast sensitivity study of [cohen, DÕAngelo, Hance, Lou, Wacker Õ14]
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                                                                                          Summary Composite Higgs Models
¥ Non-minimal Composite Higgs Models can provide a framework addressing 

both the Hierarchy problem and Dark matter  

¥ We proposed a model-independent framework to parameterise Composite Higgs 
Models with Dark Matter 

¥ Dark Matter scenarios in Composite Higgs Models can be probed at future 
experiments

¥ Collider experiments : searches for VLQs 
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Figure 2: BRs that can be excluded at the 2! level for T ! Zt (left) and B ! W ! t (right) for
L = 300 fb! 1 (light blue) and L = 1000 fb! 1 (dark blue) at a 100 TeV collider in the 3-lepton Þnal
state.

Figure 3: Left) Normalized distribution for " in pair-produced stops (thin lines) and VLQs (thick
lines) for M = 2 TeV (orange) and M = 6 TeV (green). Right) Pair-production cross section at
"

s = 100 TeV for stops (green dashed line) and for VLQs (solid orange line). In all cases,M
stands for either the mass of the stop or the massm! of the VLQ.

Finally, we show exclusion limits in the presence of several VLQ transforming in a (2, 2)
under SU(2)L # SU(2)R assuming their masses are approximately given bym! and their
BRs are as given in Eq. (2.2). In such a case we can add up their cross sections. We then
obtain that masses up to m! = 5 .7 TeV (m! = 6 .4 TeV) can be probed forL = 300 fb! 1

(L = 1000 fb! 1).

4.2 Search for St St at 100 TeV

Prospects forpp ! T"T" ! St St can be obtained from those for pair-produced stops [55].
Although scalars and fermions presenta priori di! erent kinematics due to the di! erent
structure of their interactions with SM particles, the kinematic di ! erences are small. To
show that, we depict in the left panel of Fig. 3 the boost factor (" ) distribution of pair-
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for VLQ decays to SM particles @ 100 TeV collider

¥ The parameter space region bounded by the measurement of the total relic density
is totally complementary to that tested by direct searches for VLQs. The latter are
particularly relevant when ! is small (so that direct detection experiments are poorly
sensitive). Among other scenarios in this class, we ÞndSO(5) ! U(1)/SO (4), as well
as models in which theS shift symmetry is not broken by the top interactions, but
by the bottom sector (e.g. SO(6)/SO (5) with qL + tR = 6 + 15; see Tab.2).

¥ If the perturbative unitarity bound on g! is lowered to (the commonly used value)"
4" # 3.5, almost the whole parameter space can be tested by the combination of

DM and collider serches, irrespectively of the value of theO(1) model-dependent
coe! cients.

It is also worth stressing that, although not explicitly depicted in the Þgure, the strong
bound (m! # 6.4 TeV) that can be set on VLQs decaying into SM particles can be relevant
if, for instance, T ! is much heavier than the fourplet of VLQs. This can happen,e.g. in
SO(6)/SO (5) with qL + tR = 6 + 6 [31].

Finally, we note that DM scenarios in non-minimal CHMs can also be constrained by
Higgs coupling measurements at future colliders. For instance inSO(6)/SO (5) and related
models with DM, the Higgs to vector boson couplings can be written as

ghV V $ gSM
hV V

!
1 %

1
2

v2

f 2

"
. (6.1)

Using the results of Ref. [58] (see also Ref. [59] for similar results) we conclude that at
the ILC with energies of 250 + 500 GeV (250 + 500 + 1000 GeV) andL = 250 + 500 fb" 1

(L = 1150 + 1600 + 2500 fb" 1) a scale off = 1950 GeV (f = 2460 GeV) can be probed.
This constraint complements the previous ones for values ofg! ! 3.5.

7 Conclusion

In summary, we have shown that collider searches for vector-like quarks at the LHC and
future colliders can bound the parameter region that is complementary to the one bounded
by the measurement of the relic density. We have provided estimates for the potential
sensitivity for searches of VLQs at a 100 TeV collider. While the searches for Þnal states
with dark matter have the strongest reach, up to m! = 9 TeV, for masses of the dark
matter particle of up to 3 TeV, our results for the decays into SM particles only depend
on the respective branching ratio and can be applied to scenarios where the lightest VLQ
does not decay into the dark matter particle. In particular, we found for the 3-lepton Þnal
state that m! < 6.4 TeV can be excluded for a four-plet ofSU(2)L ! SU(2)R. In addition,
we checked the limits from the direct detection of dark matter at the LUX experiment and
provided estimates of the sensitivity of the future experiment LZ. In order to do so, we
advocated the usage of an e" ective parametrization that allowed us to apply our results to
a multitude of models. Taking into account all these ingredients we have shown that dark
matter scenarios within Composite Higgs Models can be well probed at future experiments,
leaving no or only little parameter space unexplored.
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¥ dark matter direct detection

¥ Explanation for similarity of WIMP scale and electroweak scale
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Figure 2: BRs that can be excluded at the 2! level for T ! Zt (left) and B ! W ! t (right) for
L = 300 fb! 1 (light blue) and L = 1000 fb! 1 (dark blue) at a 100 TeV collider in the 3-lepton Þnal
state.

Figure 3: Left) Normalized distribution for " in pair-produced stops (thin lines) and VLQs (thick
lines) for M = 2 TeV (orange) and M = 6 TeV (green). Right) Pair-production cross section at
"

s = 100 TeV for stops (green dashed line) and for VLQs (solid orange line). In all cases,M
stands for either the mass of the stop or the massm! of the VLQ.

Finally, we show exclusion limits in the presence of several VLQ transforming in a (2, 2)
under SU(2)L # SU(2)R assuming their masses are approximately given bym! and their
BRs are as given in Eq. (2.2). In such a case we can add up their cross sections. We then
obtain that masses up to m! = 5 .7 TeV (m! = 6 .4 TeV) can be probed forL = 300 fb! 1

(L = 1000 fb! 1).

4.2 Search for St St at 100 TeV

Prospects forpp ! T"T" ! St St can be obtained from those for pair-produced stops [55].
Although scalars and fermions presenta priori di! erent kinematics due to the di! erent
structure of their interactions with SM particles, the kinematic di ! erences are small. To
show that, we depict in the left panel of Fig. 3 the boost factor (" ) distribution of pair-
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for VLQ decays to SM particles @ 100 TeV collider

¥ The parameter space region bounded by the measurement of the total relic density
is totally complementary to that tested by direct searches for VLQs. The latter are
particularly relevant when ! is small (so that direct detection experiments are poorly
sensitive). Among other scenarios in this class, we ÞndSO(5) ! U(1)/SO (4), as well
as models in which theS shift symmetry is not broken by the top interactions, but
by the bottom sector (e.g. SO(6)/SO (5) with qL + tR = 6 + 15; see Tab.2).

¥ If the perturbative unitarity bound on g! is lowered to (the commonly used value)"
4" # 3.5, almost the whole parameter space can be tested by the combination of

DM and collider serches, irrespectively of the value of theO(1) model-dependent
coe! cients.

It is also worth stressing that, although not explicitly depicted in the Þgure, the strong
bound (m! # 6.4 TeV) that can be set on VLQs decaying into SM particles can be relevant
if, for instance, T ! is much heavier than the fourplet of VLQs. This can happen,e.g. in
SO(6)/SO (5) with qL + tR = 6 + 6 [31].

Finally, we note that DM scenarios in non-minimal CHMs can also be constrained by
Higgs coupling measurements at future colliders. For instance inSO(6)/SO (5) and related
models with DM, the Higgs to vector boson couplings can be written as
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Using the results of Ref. [58] (see also Ref. [59] for similar results) we conclude that at
the ILC with energies of 250 + 500 GeV (250 + 500 + 1000 GeV) andL = 250 + 500 fb" 1

(L = 1150 + 1600 + 2500 fb" 1) a scale off = 1950 GeV (f = 2460 GeV) can be probed.
This constraint complements the previous ones for values ofg! ! 3.5.

7 Conclusion

In summary, we have shown that collider searches for vector-like quarks at the LHC and
future colliders can bound the parameter region that is complementary to the one bounded
by the measurement of the relic density. We have provided estimates for the potential
sensitivity for searches of VLQs at a 100 TeV collider. While the searches for Þnal states
with dark matter have the strongest reach, up to m! = 9 TeV, for masses of the dark
matter particle of up to 3 TeV, our results for the decays into SM particles only depend
on the respective branching ratio and can be applied to scenarios where the lightest VLQ
does not decay into the dark matter particle. In particular, we found for the 3-lepton Þnal
state that m! < 6.4 TeV can be excluded for a four-plet ofSU(2)L ! SU(2)R. In addition,
we checked the limits from the direct detection of dark matter at the LUX experiment and
provided estimates of the sensitivity of the future experiment LZ. In order to do so, we
advocated the usage of an e" ective parametrization that allowed us to apply our results to
a multitude of models. Taking into account all these ingredients we have shown that dark
matter scenarios within Composite Higgs Models can be well probed at future experiments,
leaving no or only little parameter space unexplored.
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                                                                                          Effect fermion couplings
effect sizeable if there is a cancellation in the computation of the relic density
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taking " into account

1 Introduction

¥ The great success of the WIMP paradigm suggests that the DM and the physics
responsible for stabilizing the EW scale might have a common origin.

¥ One very appealing possibility is non-minimal composite Higgs models. It has been
studied since many years.

¥ We extend previous works [1–3] in several ways: (i) instead of focusing on a par-
ticular model, we adopt a generic parameterization that captures the main fea-
tures of cosets like SO(6)/SO (5) (with 6, 15, 20, ..), SO(7)/SO (6) (with 7, 27, ...),
SO(7)/G 2 (with 7, 8, 35, ...), SO(6)/SO (4) (with 6, 15, 20, ...), SO(5)⇥U(1)/SO (4),
SO(7)/SO (5). This formalism also allows us to link the phenomenology of the
goldstone bosons with that of the fermionic resonances. (ii) We consider the latest
experimental data, including LHC searches for heavy pair-produced resonances at
13 TeV. (iii) We also consider the reach of a future 100 TeV collider. (iv) We quan-
tify the e! ect of having all resonances of a multiplet at once, instead of constraints
on each separately. (v) We match to representations not previously considered (for
example, 20 in SO(6)/SO(5)).

2 Parameterization

The relevant Lagrangian is parameterized by m! and g! , namely the typical mass of the
fermionic resonances and the typical coupling of the strong sector. REMARK THAT
DIFFERENT PARAMETERS CAN LEAD TO SAME PREDICTIONS (NOT
ALL PARAMETERS ARE WELL DEFINED, FOR EXAMPLE f RESCAL-
ING CAN BE MIMIC BY CHANGING OF a, BUT THE PARAMETERI-
ZATION IS SIMPLE AND USEFUL .
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(2.1)

where ↵, �, �, �, ✏ are O(1) coe" cients, f = m! /g ! , Nc is the number of SU(3) colors
and yt is the top Yukawa coupling. On top of this Lagrangian, we consider a 4-plet of
fermionic resonances and a singlet, all with mass m! . For definitess, we assume that the
decay rate of the di! erent components are [4]:

BR(T, X2/3 ! ht) ⇠ BR(T, X2/3 ! Zt ) ⇠ 0.5 ,

BR(B ! W�t) ⇠ BR(X 5/3 ! W + t) ⇠ BR(T 0 ! St) ⇠ 1 . (2.2)
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