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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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                                                                                          Composite Higgs Models

spin 0: H, ...

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

spin 1: ρ, a,...

light, since pseudo-Goldstone boson

strongly interacting sector

SM fermions: 
t, b, …

SM gauge bosons

elementary sector

[Georgi, Kaplan ’84]
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spin 0: H, ...

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

spin 1: ρ, a,...

light, since pseudo-Goldstone boson

strongly interacting sector

SM fermions: 
t, b, …

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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spin 0: H, ...

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

spin 1: ρ, a,...

light, since pseudo-Goldstone boson

strongly interacting sector

SM fermions: 
t, b, …

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]

04 16



   Ramona Gröber —IPPP, Durham University                                                                                         /

                                                                                          Lagrangian for a Composite Higgs

Requirements:

• the unbroken group H contains the SM gauge group G

G → H ⊂ SU(2) × U(1)

• The coset space G/H contains at least 4 Goldstone bosons (corresponding to 
the Higgs doublet)

• Custodial symmetry: to be conform with EWPTs

Minimal model:

SO(5)× U(1)/SO(4)×U(1) 

contains 4 Goldstone bosons (3 the usual Goldstones + Higgs boson)

H ⊂ SU(2)R ×SU(2)L 

05

[Agashe, Contino, Pomarol ’04]
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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(dµd

µ) (2)

iU�1@µU = dµ,aX
a + eµ,aT

a (3)

1

Minimal model: 

We take a 

U = e�i
p
2

f ⇡âXa

(1)

L =
f 2

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 fields and the fermionic resonances. We then

briefly 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 component dµ of the Maurer-

Cartan one-form as commented in Section 4.2. 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 generators T a. That is, T a⌃0 = 0 while Ca⌃0 6= 0. According to

the matrices presented in Appendix C, this vacuum can be trivially chosen to be ⌃0 =

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

µ)

can be also computed as

L =
f 2

2
(Dµ⌃)

† Dµ⌃, with ⌃ = U⌃0, (4.5)

where we have defined f =
p
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
, |�| =

q
�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 Higgs h 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 + igTIW

I
µ + ig0Y Bµ

�
⌃ (4.8)

=


@µ +

igp
2
(T+W+

µ + T�W�
µ ) +

ig

cW
(T3 � s2WQ)Zµ + ieQAµ

�
⌃, (4.9)
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where now the matrices are the five-dimensional matrices of Appendix C generating the

SM subgroup of SO(5). Therefore, the term (Dµ⌃)†Dµ⌃ in equation 4.5 is given by

(Dµ⌃)
† Dµ⌃ =(@µ⌃)

†@µ⌃+ ⌃†
⇢
g2

2

�
T+W+

µ + T�W�
µ

�2

+
g2

c2W

⇥
(T3 � s2WQ)Zµ

⇤2
+ e2Q2AµA

µ

�
⌃

=
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 boson h 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 VEV hhi. If we expand the previous lagrangian to

second order in h 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 defined

v = f sin

✓
hhi
f

◆
, and ⇠ =

v2

f 2
. (4.12)

v ⇠ 246 GeV fixes the EW scale, while ⇠ is called the degree of compositeness. Note

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

the tensor structures of the hV V and hhV V interactions (where V 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, the SO(5) group has

to project on coset space.

Then

05

[Callan, Coleman, Wess, Zumino’69]

more details in [Panico, Wulzer ’15]
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describe their interactions with the SM fields and the fermionic resonances. We then

briefly 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
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by the SO(4) subgroup generators T a. That is, T a⌃0 = 0 while Ca⌃0 6= 0. According to

the matrices presented in Appendix C, this vacuum can be trivially chosen to be ⌃0 =

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

µ)
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where now the matrices are the five-dimensional matrices of Appendix C generating the
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Up to this point, the Higgs boson h 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 VEV hhi. If we expand the previous lagrangian to

second order in h after symmetry breaking, we get
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v ⇠ 246 GeV fixes the EW scale, while ⇠ is called the degree of compositeness. Note

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

the tensor structures of the hV V and hhV V interactions (where V 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, the SO(5) group has

to project on coset space.

Then

leads to non-linearities
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L =
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Lagrangian from CCWZ construction: 

05

[Callan, Coleman, Wess, Zumino’69]
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describe their interactions with the SM fields and the fermionic resonances. We then

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

of composite tops, bottoms or light quarks.

4.4.1 Scalar sector
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where now the matrices are the five-dimensional matrices of Appendix C generating the
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Up to this point, the Higgs boson h 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 fixes the EW scale, while ⇠ is called the degree of compositeness. Note

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

the tensor structures of the hV V and hhV V interactions (where V 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.
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Lagrangian from CCWZ construction: 
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[Callan, Coleman, Wess, Zumino’69]

U = e�i
p
2
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(1)

L =
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4
Tr(dµd

µ) (2)
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ghV V

gSMhV V

=
p
1� ⇠ (6)

1

Goldstone matrix ( X denote the broken generators)
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Elementary fermions mix with strong-interacting sector by linear couplings

U = e�i
p
2

f ⇡âXa

(1)
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4
Tr(dµd
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iU�1@µU = dµ,aX
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a (3)

⌃0 = (0, 0, 0, 0, 1)T (4)

⇠ =
v2

f 2
= sin2 hhi

f
(5)

ghV V

gSMhV V

=
p
1� ⇠ (6)

ctt 6= 3

2
(ct � 1) (7)

cg 6= cgg (8)

V =
p
1� ⇠ (9)

F =
p
1� ⇠ (10)

F =
1� 2⇠p
1� ⇠

(11)

L = �LqLOR + �RtROL (12)

1

Mixing with top partners generate the top Yukawas

[Kaplan ‘91]

2.4. PARTIAL FERMION COMPOSITENESS 51

yt =

fL

fR

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 � �fL

g⇤
m⇤ (qLQ + h.c.) ,

LR
Mass = �m⇤T̃ T̃ � �fR

g⇤
m⇤ (tRT̃ + h.c.) . (2.4.14)

Even if we did not indicate it explicitly, the �fL,R couplings in the above
equation are clearly the ones evolved to m⇤ 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 =

�fLp
g2

⇤ + (�fL)2
' �fL

g⇤
, sin ✓f

R =
�fRp

g2
⇤ + (�fR)2

' �fR

g⇤
,

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

We are finally in the position to estimate the Yukawa couplings, out of
which the SM particles eventually acquire their mass after EWSB. The Q
and T̃ partners couple to the Higgs with coupling strength g⇤ 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 ' �fL�fR

g⇤
. (2.4.16)

Light SM particles, with small Yukawas, are thus characterized by small �’s
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 first illustration of partial compositeness. Though
qualitative, it should be su�cient to transmit the general idea. However it

[Panico, Wulzer ’15]

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

not be embedded in representations of the global symmetry 5. 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 masses mQ (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 of SO(5), that we call

Q2/3
L , Q�1/3

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

these multiplets in the following way (see Appendix C):

Q2/3
L =

1p
2

✓
dL, �idL, uL, iuL, 0

◆T

, UR =
1p
2

✓
0, 0, 0, 0,

p
2uR

◆T

,

Q�1/3
L = � 1p

2
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uL, iuL, �dL, idL, 0

◆T

, DR =
1p
2

✓
0, 0, 0, 0,

p
2dR

◆T

. (4.13)

The superscript in QL denotes the charge under U(1)X , while UR and DR have charges

X = 2/3 and X = �1/3 respectively. The hypercharges Y = T 3
R+X of the quark fields

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.

= � fp
2
sin

✓
h

f

◆
cos

✓
h

f

◆�
yuuLuR + yd dLdR + h.c.

�
. (4.14)

Again, after EWSB, h ! h+ hhi, and we obtain, up to factors of order O(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

           Example :  fermions transforming in the fundamental of SO(5) 
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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 ‘91]

Connection between top partner masses and Higgs mass

Low tuning = light top partner masses
[Matsedonskyi, Panico, Wulzer ’12, 

Marzocca, Serone, Shu ’12, Pomarol, Riva ’12,  
Panico, Redi, Tesi, Wulzer ’12,  

Pappadopulo, Thamm, Torre ’13]

2.4. PARTIAL FERMION COMPOSITENESS 51

yt =

fL

fR

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 � �fL

g⇤
m⇤ (qLQ + h.c.) ,

LR
Mass = �m⇤T̃ T̃ � �fR

g⇤
m⇤ (tRT̃ + h.c.) . (2.4.14)

Even if we did not indicate it explicitly, the �fL,R couplings in the above
equation are clearly the ones evolved to m⇤ 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 =

�fLp
g2

⇤ + (�fL)2
' �fL

g⇤
, sin ✓f

R =
�fRp

g2
⇤ + (�fR)2

' �fR

g⇤
,

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

We are finally in the position to estimate the Yukawa couplings, out of
which the SM particles eventually acquire their mass after EWSB. The Q
and T̃ partners couple to the Higgs with coupling strength g⇤ 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 ' �fL�fR

g⇤
. (2.4.16)

Light SM particles, with small Yukawas, are thus characterized by small �’s
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 first illustration of partial compositeness. Though
qualitative, it should be su�cient to transmit the general idea. However it

[Panico, Wulzer ’15]
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• Higgs coupling modifications

In SO(5)/SO(4) models: 
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Higgs self-couplings and couplings to fermion depend on fermion embedding

Holds true also in other models,  
e.g. SO(6)/SO(5) 

with dark matter candidate
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Probe couplings of n Higgs bosons
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[arXiv:1509.00672]
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New	Physics	in	Higgs	Couplings

2HDM	models:	
• Second	Higgs	doublet	present	in	many	BSM	models	
• Existence	of	5	observable	Higgs	bosons
• Fit	parameter: κV,κu ,κd couplings	

Minimal	composite	model:
• Pseudo-Nambu-Goldstone	 boson	 instead	of	

elementary	particle
• Rescale	the	rates	as	functions	 of	the	

modified	 	couplings	κ= κV=κf =√1- ξ or	
κV=√1- ξ and	κf =	1-2ξ	/	√1- ξ Higgs	portal	to	Dark	Matter:	

• Fit	parameters:	κg, κγ ,	κZγ ,	BRinv
• No	assumption	on	 total	width	
• BRinv<0.13(0.09	w/o	the.	unc.)
• Run2:	BRinv<	67%	(39%)	obs.(exp)	

ATL-PHYS-PUB-2014-017

10

Use	VV,	γγ,	bb,	ττ,	µµ,	Zγ channels

talk of M.Testa, HL-LHC workshop

Higgs couplings

08 16
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                                                                                          New resonances: Vector-like fermions
Pair production of VLQs:  
pure QCD process, model independent 

Single production of VLQs:  
potentially higher reach, model-

dependence

Limits from pair production:

arXiv:1707.03347

CMS-PAS-B2G-17-003
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                                                                                          Higgs non-linearities

Needs to be probed in multi-Higgs interactions 
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Figure 9. The cross section for double Higgs production in MCHM5 normalized to the SM as a
function of ⇠ for three di↵erent approximations. Red: in the limit of heavy top partners keeping
the full top quark mass dependence. Blue: LET. Black: setting the two-Higgs two-fermion coupling
to zero. The red/blue dotted lines show the same as the red/blue full lines after application of an
invariant mass cut of mhh � 600GeV.

hence have order one e↵ects so that it governs the total cross section. This can be inferred

from figure 9 which shows the double Higgs production MCHM5 cross section normalized

to the SM as a function of ⇠ for three di↵erent approximations. The red line has been

obtained in the limit of heavy top partners keeping the full top quark mass dependence,

the blue line is the LET result, and the black line, finally, is obtained by explicitly setting

the two-Higgs two-fermion coupling to zero. In this case the cross section ratio is given by

((1� 2⇠)/
p
1� ⇠)4 both for the LET and for the approximation where the top quark mass

dependence has been kept. The dotted lines in the figure have been obtained by applying

an invariant mass cut of mhh � 600GeV. After application of the cut the discrepancy

in the cross section results for the two approximations becomes even worse, see also the

discussion in section 6.4.

6.3 Full 1-loop cross section

In the triangle diagrams which contribute to double Higgs production the gluons couple to

the total spin Sz = 0 along the z-axis, whereas the box diagrams involve Sz = 0 and Sz = 2

couplings. The amplitude for the process can hence be expressed in terms of independent

form factors F4, F⇤, F⇤,5 associated with spin 0 and G⇤, G⇤,5 associated with spin 2. The

total partonic cross section is given by
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ŝ

1

A , (6.3)

– 28 –

Di-Higgs production via 
Gluon fusion

New hhff coupling leads to large  
increase of cross section
[RG, Mühlleitner ’10, Contino, Ghezzi,  
Moretti, Panico, Piccinini, Wulzer ’12]

[Gillioz, RG, Grojean, Mühlleitner, Salvioni ’12]
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Needs to be probed in multi-Higgs interactions 
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Figure 9. The cross section for double Higgs production in MCHM5 normalized to the SM as a
function of ⇠ for three di↵erent approximations. Red: in the limit of heavy top partners keeping
the full top quark mass dependence. Blue: LET. Black: setting the two-Higgs two-fermion coupling
to zero. The red/blue dotted lines show the same as the red/blue full lines after application of an
invariant mass cut of mhh � 600GeV.

hence have order one e↵ects so that it governs the total cross section. This can be inferred

from figure 9 which shows the double Higgs production MCHM5 cross section normalized

to the SM as a function of ⇠ for three di↵erent approximations. The red line has been

obtained in the limit of heavy top partners keeping the full top quark mass dependence,

the blue line is the LET result, and the black line, finally, is obtained by explicitly setting

the two-Higgs two-fermion coupling to zero. In this case the cross section ratio is given by

((1� 2⇠)/
p
1� ⇠)4 both for the LET and for the approximation where the top quark mass

dependence has been kept. The dotted lines in the figure have been obtained by applying

an invariant mass cut of mhh � 600GeV. After application of the cut the discrepancy

in the cross section results for the two approximations becomes even worse, see also the

discussion in section 6.4.

6.3 Full 1-loop cross section

In the triangle diagrams which contribute to double Higgs production the gluons couple to

the total spin Sz = 0 along the z-axis, whereas the box diagrams involve Sz = 0 and Sz = 2

couplings. The amplitude for the process can hence be expressed in terms of independent

form factors F4, F⇤, F⇤,5 associated with spin 0 and G⇤, G⇤,5 associated with spin 2. The

total partonic cross section is given by
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Di-Higgs production via 
Gluon fusion

New hhff coupling leads to large  
increase of cross section
[RG, Mühlleitner ’10, Contino, Ghezzi,  
Moretti, Panico, Piccinini, Wulzer ’12]

[Gillioz, RG, Grojean, Mühlleitner, Salvioni ’12]

Full LO MCHM5 pp->hh cross section

MCHM5 pp->hh cross section setting hhff coupling to zero 

Higgs non-linearities
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Needs to be probed in multi-Higgs interactions 

Di-Higgs production via 
Gluon fusion

New hhff coupling leads to large  
increase of cross section
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FIG. 12: 68% probability contours in the planes (c
2t, c3) (left plot) and (c
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di↵erent curves refer to the three benchmark scenarios: LHC

14
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(black dashed line); FCC

100
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Very similar results are obtained from an inclusive analysis without mhh categories, as one

naively expects since µ accounts only for an overall rescaling of the total cross section of the

signal.

Turning to the determination of the coe�cients of the e↵ective Lagrangian, we first

consider the case of the non-linear parametrization of Eq. (4). Figure 12 shows the 68%

probability contours in the planes (c
2t, c3) and (c

2t, c2g) obtained through the procedure

described above. In this case the marginalization is performed over two parameters: ct, with

a prior obtained from single-Higgs measurements, and the branching ratio for the decay

hh ! bb̄��. For the latter parameter we assume a Gaussian distribution around the SM

value with standard deviation equal to 0.15 and 0.10 respectively for L = 300 fb�1 and

L = 3ab�1 (both at 14TeV and 100TeV). For simplicity, the remaining couplings are set

to their SM values: cg = c
2g = 0 in the plot on the left of Fig. 12; c

3

= 1 and cg = 0 in the

plot on the right. We have checked that performing an additional marginalization over cg

slightly decreases the precision on the measured couplings, without changing the shape of

the contours.

We find that the couplings c
3

and c
2t are strongly anti-correlated, and the precision

expected on c
2t is much higher than the one on the Higgs trilinear coupling c

3

. This is

in agreement with previous studies, which pointed out the strong sensitivity of the dou-

31

[Azatov, Contino, Panico, Son’15]
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Can the increase in the cross section even be so large that New Physics will be first 
observed in di-Higgs production?

More freedom necessary than just new parameter 𝛏  
 Take a model with top and bottom partners 

Composite Di-Higgs production
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Can the increase in the cross section even be so large that New Physics will be 
first observed in di-Higgs production?

Indirect tests:
EWPT, |Vtb| > 0.92

Higgs couplings:

projected sensitivities

Direct searches:

projected sensitivities
for vector-like quarks

Valid points:

SSM ± β
√

SSM ≶ S

S = σ BR L A

EWPTs from [Gillioz, RG, Kapuvari, Mühlleitner ’14]

Projected sensitivities for Higgs couplings from                                   

Projected sensitivities for direct searches of VLQs m ≲ 1.5 TeV

Composite Di-Higgs production

[Englert, Freitas, Mühlleitner, 
 Plehn, Rauch, Spira, Walz ’14]

11 16

for           and           final state  [Baglio, Djouadi, RG, Mühlleitner, Quevillon, Spira ’12]
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1 Introduction

A bosonic particle with a mass of about 125GeV has been observed by the ATLAS and CMS

Collaborations at the LHC [1–4] and it has, grosso modo, the properties of the long sought

Higgs particle predicted in the Standard Model (SM) [5–9]. This closes the first chapter

of the probing of the mechanism that triggers the breaking of the electroweak symmetry

and generates the fundamental particle masses. Another, equally important chapter is

now opening: the precise determination of the properties of the produced particle. This

is of extreme importance in order to establish that this particle is indeed the relic of the

mechanism responsible for the electroweak symmetry breaking and, eventually, to pin down

effects of new physics if additional ingredients beyond those of the SM are involved in the

symmetry breaking mechanism. To do so, besides measuring the mass, the total decay

– 1 –
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Ex:

GB = (2, 2) Agashe , Contino, 
Pomarol, ’04

SO(5)

SU(2)L ⌦ SU(2)R

Many possibilities:

Mrazek et al., ’11

Thursday, October 31, 2013

[Mrazek et al ’11]

Larger coset space extended Higgs sector

[Chala ’12; Ballesteros et al ’16]

[Gripaios et al ’09; Frigerio et al ’12;  
Marzocca, Urbano ’14]

 [Mrazek et al ’11, De Curtis etal’16]

[Balkin et al ’17]
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                                                                                          Non-minimal Composite Higgs Models

If new scalar stable possible dark matter candidate

i.e. if there is a Z2 or U(1) 
symmetry

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 � a

1

S2

f 2

�
+

a
2

f 2

@µ|H|2(S@µS) +
1

2
(@µS)2
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f 2

�

� m2

⇢f
2

Ncy2

t

(4⇡)2


�↵
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f 2

+ �
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f 4
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S2

f 2
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S2|H|2

f 4

�
+


i✏

yt
f 2

S2qLHtR + h.c.

�
+ · · ·

(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, X
2/3 ! ht) ⇠ BR(T, X

2/3 ! Zt) ⇠ 0.5 ,

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

3

General parameterisation:
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General parameterisation:

Annihilation  
cross section  
dominated by  
H2S2 interactions

Relic density (if a 𝛄> 𝛅/10):
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f ⇡âXa

(1)

L =
f 2

4
Tr(dµd

µ) (2)

iU�1@µU = dµ,aX
a + eµ,aT

a (3)

⌃0 = (0, 0, 0, 0, 1)T (4)

⇠ =
v2

f 2
= sin2 hhi

f
(5)

ghV V

gSMhV V

=
p
1� ⇠ (6)

ctt 6= 3

2
(ct � 1) (7)

cg 6= cgg (8)

V =
p
1� ⇠ (9)

F =
p
1� ⇠ (10)

F =
1� 2⇠p
1� ⇠

(11)

L = �LqLOR + �RtROL (12)

ghff
gSM
hff

=
1� 2⇠p
1� ⇠

(13)

ghff
gSM
hff

=
p

1� ⇠ (14)

m2
h

m2
T

' Nc

⇡2
m2
 f

2 (15)

⌦h2 / f 2

g2⇢
(16)

m⇢ = g⇢f (17)

1

with

Main difference to non-composite case: derivative interactions
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                                                                                          Non-minimal Composite Higgs Models
[Chala, RG, Spannowsky preliminary]

LHC excluded

FCC probed 

Overabundance  
of dark matter

SO(6)/SO(5) model

15
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Using VLQlimits [Chala ’17]
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                                                                                          Conclusion

• Composite Higgs Models viable alternative to Standard Model 

• Testable at LHC by

• Higgs coupling measurements 
• Searches for new resonances 
• Non-linearities

• Composite Dark matter scenarios very predictive
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• Hints to values of f above tuning expectation
• future colliders and dark matter direct detection 

experiments will shed light on such scenarios
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                                                                                          Conclusion

• Composite Higgs Models viable alternative to Standard Model 

• Testable at LHC by

• Higgs coupling measurements 
• Searches for new resonances 
• Non-linearities

• Composite Dark matter scenarios very predictive 

Thanks for you attention!
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• Hints to values of f above tuning expectation
• future colliders and dark matter direct detection 

experiments will shed light on such scenarios
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