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Final Run-1 and Preliminary Run-2 results

1. Introduction

The elucidation of the mechanism of electroweak (EW) symmetry breaking has been one of the main
goals driving the design of the ATLAS [1] and CMS [2] experiments at the CERN LHC. In the Standard
Model (SM) of particle physics [3–6], the breaking of the symmetry is achieved through the introduction
of a complex doublet scalar field, leading to the prediction of the existence of one physical neutral scalar
particle, commonly known as the Higgs boson [7–12]. Through Yukawa interactions, the Higgs scalar
field can also account for fermion masses [4, 13]. While the SM does not predict the value of the Higgs
boson mass, mH , the production cross sections and decay branching fractions (B) of the Higgs boson can
be precisely calculated once its mass is known.

In 2012, the ATLAS and CMS Collaborations reported the observation of a new particle with a mass
of approximately 125 GeV and Higgs-boson-like properties [14–16]. Subsequent results from both ex-
periments, summarised in Refs. [17–21], established that all measurements of the properties of the new
particle, including its spin, CP properties, and coupling strengths to SM particles, are consistent within
the uncertainties with those expected for the SM Higgs boson. ATLAS and CMS have published a com-
bined measurement of the Higgs boson mass [22], using LHC Run 1 data for the H ! �� and H ! ZZ
channels, where Run 1 indicates the LHC proton–proton (pp) data taking period in 2011 and 2012 at
centre-of-mass energies

p
s = 7 and 8 TeV. The combined mass measurement is

mH = 125.09 ± 0.21(stat.) ± 0.11(syst.) GeV, (1)

where the total uncertainty is dominated by the statistical component. The Higgs boson mass is assumed
to be mH = 125.09 GeV for all analyses presented in this paper.

This paper reports the first ATLAS and CMS combined measurements of the Higgs boson production
and decay rates as well as constraints on its couplings to SM particles. These measurements yield the
most precise and comprehensive experimental results on these quantities to date. The main production
processes studied are gluon fusion (ggF), vector boson fusion (VBF), and associated production with
vector bosons (WH and ZH, denoted together as VH) or a pair of top quarks (ttH). The decay channels
considered are those to bosons, H ! ZZ, H ! WW, and H ! ��; and to fermions, H ! ⌧⌧, H ! bb,
and H ! µµ. Throughout this paper, Z and W indicate both real and virtual vector bosons, and no
distinction is made between particles and antiparticles.

All analyses used in the combination are based on the complete Run 1 collision data collected by the
ATLAS and CMS experiments. These data correspond to integrated luminosities per experiment of ap-
proximately 5 fb�1 at

p
s = 7 TeV (recorded in 2011) and 20 fb�1 at

p
s = 8 TeV (recorded in 2012).

The results of the ATLAS and CMS individual combinations based on the Run 1 data are reported in
Refs. [17, 18].

Unless otherwise stated, in this paper it is assumed, as in Refs. [17, 18], that the particle under study is
a single SM-like Higgs boson state, i.e. a CP-even scalar particle with the tensor coupling structure of
the SM for its interactions. The Higgs boson width, predicted to be approximately 4 MeV in the SM, is
assumed to be small enough that the narrow-width approximation is valid and that the Higgs boson pro-
duction and decay mechanisms can be factorised. These assumptions are corroborated by tests of the spin
and CP properties of the Higgs boson [20, 21] and by studies of its width [18, 23–25]. The Higgs boson
signal modelling is based on the hypothesis of a SM Higgs boson in terms of its production and decay
kinematics. Measurements of di↵erential production cross sections [26–29] support these assumptions
within the current statistical uncertainties. The inherent model dependence related to these hypotheses
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Higgs as we know it

Higgs mass is known to a good 
precision

From theoretical point of view, 
scalars should have masses close 
to the cutoff scale of the QFT, 
unless a symmetry protects the 
relation m << Λ

Theoretical prejudice suggests 
that we should see new states 
near mh, providing the cutoff to 
the SM and implementing a new 
symmetry 

Channel Production Run-1 ATLAS Run-2 CMS Run-2

�� ggh 1.10+0.23
�0.22 0.62+0.30

�0.29 [4] 0.77+0.25
�0.23 [5]

VBF 1.3+0.5
�0.5 2.25+0.75

�0.75 [4] 1.61+0.90
�0.80 [5]

Wh 0.5+1.3
�1.2 - -

Zh 0.5+3.0
�2.5 - -

V h - 0.30+1.21
�1.12 [4] -

tt̄h 2.2+1.6
�1.3 �0.22+1.26

�0.99 [4] 1.9+1.5
�1.2 [5]

Z� incl. 1.4+3.3
�3.2 - -

ZZ⇤ ggh 1.13+0.34
�0.31 1.34+0.39

�0.33 [4] 0.96+0.40
�0.33 [6]

VBF 0.1+1.1
�0.6 3.8+2.8

�2.2 [4] 0.67+1.61
�0.67 [6]

WW ⇤ ggh 0.84+0.17
�0.17 - -

VBF 1.2+0.4
�0.4 1.7+1.2

�0.9 -

Wh 1.6+1.2
�1.0 3.2+4.4

�4.2 -

Zh 5.9+2.6
�2.2 - -

tt̄h 5.0+1.8
�1.7 - -

incl. - - 0.3± 0.5 [7]

⌧+⌧� ggh 1.0+0.6
�0.6 - -

VBF 1.3+0.4
�0.4 - -

Wh �1.4+1.4
�1.4 - -

Zh 2.2+2.2
�1.8 - -

tt̄h �1.9+3.7
�3.3 - -

bb̄ VBF - �3.9+2.8
�2.9 [8] �3.7+2.4

�2.5 [9]

Wh 1.0+0.5
�0.5 - -

Zh 0.4+0.4
�0.4 - -

V h - 0.21+0.51
�0.50 [10] -

tt̄h 1.15+0.99
�0.94 2.1+1.0

�0.9 [11] �0.19+0.80
�0.81

µ+µ� incl. 0.1+2.5
�2.5 �0.8+2.2

�2.2 [13] -

multi-` cats. - 2.5+1.3
�1.1 [14] 2.3+0.9

�0.8 [15]

Table 3: The Higgs signal strength in various channels measured at the LHC. For the
Run-1, the Z� signal strength is a naive Gaussian combination of ATLAS [1] and CMS
[2] results, and all the remaining numbers are taken from the ATLAS+CMS combination
paper [3]. Correlations between di↵erent Run-1 measurements quoted in Fig. 27 of [3]
are taken into account.

[8] ATLAS Collaboration, Search for Higgs boson production via weak boson fusion
and decaying to bb̄ in association with a high-energy photon in the ATLAS
detector, .

[9] CMS Collaboration, VBF H to bb using the 2015 data sample, .

[10] ATLAS Collaboration, Search for the Standard Model Higgs boson produced in
association with a vector boson and decaying to a bb̄ pair in pp collisions at 13
TeV using the ATLAS detector, .
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Spectrum of low-energy QCD contains  scalars with 
m∼GeV << M_Planck without any hierarchy problem. That’s 
because they are composite states, and quantum correction 
to their masses are naturally cut off at 1 GeV. 

Moreover, it contains pions and kaons who are 
(pseudo-)scalar with m<< 1 GeV. That’s because they are 
pseudo-Goldstone bosons of approximate SU(3)xSU(3) 
symmetry of QCD rotating left- and right-handed light 
quarks, which is then spontaneously broken to SU(3) by 
vacuum condensate

Technically, pions are protected by shift symmetry π→π+α 
in the effective Lagrangian below 1 GeV 

Composite Scalars in QCD

0.1 GeV π
K

σ

ρ

1 GeVReason: they are composite states 
at                         ,  
defined by the scale at which the strong gauge-coupling becomes 
large:

!QCD << MP

!QCD MP

!s

Inspired by QCD where we see light scalars without
  problems of naturalness:

m�, mK , ma0 , ... << MP
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This or similar structure can be carried over to a 
strongly interacting gauge sector confining near the TeV 
scale 

σ-like scalars are not attractive candidates for the 125 
GeV Higgs, as the latter should be narrow and much 
lighter than cut-off 

Therefore, the 125 GeV Higgs should be pion-like, that 
is it should be a pseudo-Goldstone boson 

Optionally, depending on the global symmetry of the 
strongly interacting sector, there may be additional light 
pGB scalars (kaon-like) forming an extended Higgs 
sector

Near the TeV scale there should be a tower of spin-1 
and other resonances  

Composite Higgs

0.1 TeV h
H ?

σ?

W’/Z’
1 TeV

W’’/Z’’

Reason: they are composite states 
at                         ,  
defined by the scale at which the strong gauge-coupling becomes 
large:

!QCD << MP

!QCD MP

!s

Inspired by QCD where we see light scalars without
  problems of naturalness:

m�, mK , ma0 , ... << MP

ψ
ψ
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Composite Higgs scenario assumes the existence of a 
strongly coupled sector charged under the SM local 
symmetry. Furthermore, the strong sector has a global 
symmetry that is larger than the SM gauge group

Spontaneous breaking of that global symmetry gives rise 
to a set of Goldstone boson, some of which are  identified 
with the SM Higgs doublet

 The global symmetry is softly broken by couplings to SM, 
allowing the Higgs to acquire mass (becoming a pseudo-
Goldstone boson) but still protecting the Higgs mass from 
quadratically divergent loop corrections

Elementary SM sector
 SU(3)xSU(2)xU(1)

Strongly coupled
EW breaking sector

G→H

Higgs Sector

Composite (PGB) Higgs 

0.1 TeV h
H ?

σ?

W’/Z’
1 TeV

W’’/Z’’

Reason: they are composite states 
at                         ,  
defined by the scale at which the strong gauge-coupling becomes 
large:

!QCD << MP

!QCD MP

!s

Inspired by QCD where we see light scalars without
  problems of naturalness:

m�, mK , ma0 , ... << MP

ψ
ψ

Kaplan, Georgi
Phys. Lett. B136 (1984)
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Model with pGB Higgs arising from strongly 
interacting sector where SO(5) global 
symmetry is spontaneously broken to SO(4)

SO(5)=10 generators, SO(4)=6 generators, thus 
4 Goldstone boson corresponding to 1 Higgs 
doublet (minimal Higgs sector)

Higgs can be thought of as an angular variable 
along the valley of unbroken SO(4), while the 
radial direction corresponds to heavy 
excitations which are integrated out in 
effective description

Minimal Composite Higgs
Broken SO(5) generators

SO(5)/SO(4) goldstone bosons

Decay constant

Our Higgs boson

Lets try the same for the Higgs
 ➠ Assume that there is a New Strong sector 

(QCD-like) at around the TeV-scale:

�

Lets ask for the Higgs to be a
Pseudo-Goldstone bosons (PGB)

h100-200 GeV

TeV

Spectrum:

h

Symmetry breaking pattern 
of this New Strong Sector:

SO(5) ➞ SO(4)
4 Goldstones = Higgs doublet

{Mass gap: Would 
explain the 

absence of new 
states at colliders 
before the LHC

Main difference with QCD pions ➞ It gets a VEV

Agashe et al
hep-ph/041289
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SM SU(2)LxU(1)Y local symmetry can be 
embedded into unbroken 
SO(4)=SU(2)LxSU(2)R subgroup

To correctly realize hypercharge extend 
global symmetry to SO(5)xU(1)

Minimal Composite Higgs
The most general e↵ective action for the SM gauge fields in the background of ⌃ can
be derived just based on symmetries by using a trick: let us assume that the full
SO(5) ⇥ U(1)X global symmetry of the strong sector is gauged, so that the external
gauge fields form a complete adjoint representation of SO(5) ⇥ U(1)X . Then, at the
quadratic level and in momentum space, the most general (SO(5) ⇥ U(1)X)-invariant
action has the form:

L =
1

2
(PT )µ⌫

⇥
⇧X

0 (q2) XµX⌫ + ⇧0(q
2) Tr(AµA⌫) + ⇧1(q

2) ⌃AµA⌫⌃
t
⇤

. (42)

Here Xµ and Aµ = Aa
µT

a + Aâ
µT

â are the U(1)X and SO(5) gauge bosons 7, and
PT is the transverse projector defined by eq.(19). Since we want to derive only the
Higgs potential and not its derivative interactions, the field ⌃ has been treated as a
classical background, with vanishing momentum. The form factors ⇧X

0 , ⇧0,1 encode
the dynamics of the strong sector, including the e↵ect of the fluctuations around the
background ⌃ (i.e. the NG fields). A few useful properties of the form factors can be
derived as follows.

By expanding around the SO(4)-preserving vacuum ⌃ = ⌃0, the e↵ective action
(42) can be rewritten as

L =
1

2
(PT )µ⌫

⇥
⇧X

0 (q2) XµX⌫ + ⇧a(q
2) Aa

µA
a
⌫ + ⇧â(q

2) Aâ
µA

â
⌫

⇤
, (43)

where

⇧a = ⇧0 , ⇧â = ⇧0 +
⇧1

2
(44)

are the form factors associated respectively to the unbroken and broken generators.
In the limit of large number of ‘colors’ N of the strong sector, they can be written in
terms of an infinite sum of narrow resonances using the large-N results of section 2.2:

(PT )µ⌫⇧a(q
2) = hJµ

a J⌫
a i =

�
q2⌘µ⌫ � qµq⌫

�X

n

f 2
⇢n

q2 � m2
⇢n

(45)

(PT )µ⌫⇧â(q
2) = hJµ

â J⌫
â i =

�
q2⌘µ⌫ � qµq⌫

�
"
X

n

f 2
an

q2 � m2
an

+
1

q2

f 2

2

#
. (46)

We have used the fact that the current Jµ
â has the correct quantum numbers to excite

the NG bosons hâ from the vacuum. Thus, we deduce that at zero momentum ⇧0 must
vanish (and similarly ⇧X

0 ), while ⇧1 does not:

⇧0(0) = 0 = ⇧X
0 (0) , ⇧1(0) = f 2 . (47)

7Here and in the following T a and T â denote respectively the unbroken (SO(4)) and broken
(SO(5)/SO(4)) generators. Among the SO(4) generators, those of SU(2)L (SU(2)R) will be denoted
as T aL (T aR).

21

U(1) vector SO(5) vector

Form factors

SU(2)V ⇥ U(1)B

SU(2)L ⇥ SU(2)R ⇥ U(1)B

QCD

SU(2)L ⇥ U(1)Y

⇡

Figure 2: Cartoon of QCD with part of its chiral symmetry gauged by the weak interactions.

. . .

= +

+ +

Gµ⌫(q) =
�i

q2 � g2⇧(q2)/2
(PT )µ⌫ , (PT )µ⌫ ⌘ ⌘µ⌫ � qµq⌫

q2
, (19)

where

i⇧µ⌫(q) = �
Z

d4x e�iq·xh0|T �
J+
µ (x)J�

⌫ (0)
� |0i

⇧µ⌫(q) =

✓
⌘µ⌫ � qµq⌫

q2

◆
⇧(q2) .

(20)

Then, a mass for the W arises if ⇧µ⌫(q2) has a pole at q2 = 0. The pole in fact exists
as a result of the symmetry breaking, due to the exchange of the pion:

h0|J+
µ |⇡�(p)i = i

f⇡p
2
pµ (21)

=) ⇧(q2) =
f 2
⇡

2
.

This implies that the W acquires a mass

mW =
gf⇡
2

' 29 MeV .

Although this number is far from the experimental value, the above discussion shows
that QCD is, at the qualitative level, a good example of electroweak symmetry breaking
sector. This is even more true considering that the unbroken SU(2)V isospin invariance
acts as a custodial symmetry so that ⇢ = 1 at tree level in the QCD vacuum.
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Lowest order Lagrangian for EW gauge bosons

Identify: 

Composite Higgs couplings to EW gauge bosons is always reduced! 
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Many other coset structure possible, giving rise to extended Higgs sector

Some of those may be more minimal than the minimal one, once realized in 
terms of fundamental degrees of freedom of the strong sector

Elementary Fields Strong Sector

g� , m�

yL , yR

g , g�

G/H

Figure 1: Pictorial representation of our scenario.

composite inert Higgs. The last section is devoted to conclusions.

2 Two Composite Higgs Doublets as PNGBs

2.1 General Structure

The basic structure of our composite-Higgs scenario is as follows. As depicted in figure 1, there exists a

new sector, that we denote as “strong”, or “strongly-interacting” sector, which is endowed with a global

group G of symmetry, spontaneously broken to H ⇢ G. As such, the strong sector delivers a set of massless

Nambu-Goldstone bosons (NGB). The only constraints on the choice of the G/H coset that characterizes

the strong sector are of phenomenological nature and they are rather mild, a priori. The main requirement,

needed to avoid generic large contributions to the T -parameter, is that the unbroken group must contain

a “custodial” SO(4) ⇠= SU(2) ⇥ SU(2) symmetry, H � SO(4), and at least one Higgs 4-plet (i.e., a 4 of

SO(4)) must be present. Compatibly with these basic requirements, several cosets exist. The smallest ones,

chosen so that H is a maximal subgroup of G, are present in table 1. Other cosets, with non-maximal

G H NG NGBs rep.[H] = rep.[SU(2) ⇥ SU(2)]
SO(5) SO(4) 4 4 = (2,2)
SO(6) SO(5) 5 5 = (1,1) + (2,2)
SO(6) SO(4) ⇥ SO(2) 8 4

+2 + 4̄�2 = 2 ⇥ (2,2)
SO(7) SO(6) 6 6 = 2 ⇥ (1,1) + (2,2)
SO(7) G

2

7 7 = (1,3) + (2,2)
SO(7) SO(5) ⇥ SO(2) 10 100 = (3,1) + (1,3) + (2,2)
SO(7) [SO(3)]3 12 (2,2,3) = 3 ⇥ (2,2)
Sp(6) Sp(4) ⇥ SU(2) 8 (4,2) = 2 ⇥ (2,2), (2,2) + 2 ⇥ (2,1)
SU(5) SU(4) ⇥ U(1) 8 4�5

+ 4̄
+5 = 2 ⇥ (2,2)

SU(5) SO(5) 14 14 = (3,3) + (2,2) + (1,1)

Table 1: Cosets G/H from simple Lie groups, with H maximal subgroup of G. For each coset, its dimension NG and the
NGBs representation under H and SO(4) ' SU(2)L ⇥ SU(2)R are reported. For Sp(6)/SU(2) ⇥ Sp(4), two embeddings are
possible, we will be interested only in the first one, which leads to two Higgs 4-plets.

subgroups, can be obtained from table 1 in a stepwise fashion G ! H ! H 0 etc.. The coset SO(6)/SO(4),

for instance, arises from the breaking SO(6) ! SO(5) ! SO(4). Besides two (2,2) Higgs 4-plets, this coset

4

Non-Minimal Composite Higgs

Examples of cosets with custodial symmetry

Mrazek et al
1105.5403

just doublet

doublet+singlet

2 doublets
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Coupling to fermions

borrowed 
from A. Wulzer 

slides

More precisely (focusing on the top quark sector)
Lf
int=�RtROL + �LqLOR

with         (being CS op.s) in some           representation.OL,R SO(5)

Lf
int=�RT

I
ROI

L + �LQ
I
LOI

R

“Embeddings”     and      pick up the right components:TR QL

54 CHAPTER 2. GOLDSTONE BOSON HIGGS

dynamics we have been studying so far, namely the Higgs and the gauge
fields, are all neutral objects. All the derivations of the previous sections, the
definition of the CCWZ d and e symbols and their properties are una↵ected
by the extension of the group and hold in exactly the same way. The pres-
ence of the U(1)X must of course be taken into account when dealing with
charged fields, in particular the covariant derivative of Eq. (2.3.46) should be
supplemented by a term with the source Xµ in order to respect local U(1)X

invariance.
We now return to our problem of identifying suitable representations for

the fermionic operators. The simplest one is the 5, let us thus start from
the case in which the OL,R

F , namely those that mix with the elementary qL

and tR as in Eq. (2.2.34), are part of a fiveplet with an appropriate choice,
X = 2/3, of the U(1)X charge. When decomposed under SO(4), the fiveplet
splits into a singlet plus one fourplet 4 = (2,2), which in turn leads to two
SU(2)L doublets of opposite T 3

R charges as shown in Appendix 2.A. Given
our new definition of the hypercharge (2.4.18), the 52/3 decomposes under
GEW as

52/3 ! 42/3 � 12/3 ! 27/6 � 21/6 � 12/3 . (2.4.21)

The two last terms could couple to qL and to tR respectively. The easiest
one is the tR coupling. The fermionic operator, (OR

F )I , is endowed with a
fiveplet index I but the only component which couples to tR is the singlet
embedded in the last entry I = 5. Nevertheless, it is convenient to express
the interaction as

LtR
int = �tRtR

�
OR

F

�
5

+ h.c. = �tR

�
TR

�I �OR
F

�
I

+ h.c. , (2.4.22)

in terms of an incomplete fiveplet

TR = {0, 0, 0, 0, tR}T , (2.4.23)

which we denote as the embedding of tR in the 5. Notice that the interac-
tion has been written in a shorthand notation in which �tR represents the
coupling strength at the IR and the powers of m⇤ needed to match energy
dimensionality have been reabsorbed in the operator normalization. The “ T

” symbols is just the transpose, needed because we want to work with column
vectors.

The rewriting in terms of TR is extremely useful to read the implications
of the symmetries on the elementary fermions interactions. Suppose one is
willing to compute the e↵ective Lagrangian for the SM fermions, the gauge
and the Higgs fields, obtained by integrating out the composite sector dy-
namics and ignoring the virtual e↵ects from elementary fields exchange, which
could be possibly added on top. The fact that TR is an incomplete multiplet
is irrelevant for this calculation, we might formally uplift it to a complete
multiplet of external source fields and eventually set it to its physical form
by Eq. (2.4.23). The idea is exactly the one we introduced in Sect. 2.3.2 to
deal with the elementary gauge fields. But if TR is regarded as a complete

2.4. PARTIAL FERMION COMPOSITENESS 55

multiplet we can consider transforming it under the global group and its ef-
fective Lagrangian must stay invariant. The transformation must clearly be
the same one of OR

F in order for the interaction to be formally invariant.
Therefore under SO(5)

(TR)I ! g J
I (TR)J , (2.4.24)

and the U(1)X charge is equal to 2/3. In order to write down invariant
Lagrangians by employing the general CCWZ construction it is convenient
to “dress” the source with the Goldstone matrix and to define the following
objects �

T 4
R, T 1

R

 T
= U [⇧]† · TR . (2.4.25)

This dressing procedure is fully analog to the one we adopted for the gauge
source in Eq. (2.3.28): by multiplying with U�1 we turn an index trans-
forming with g into one transforming with h[⇧; g]. The latter can be pari-
tyeventually contracted, together with all the other CCWZ objects defined
in Sect. 2.3, by respecting the local SO(4) symmetry and the result will be
automatically invariant under the full SO(5). Notice that h[⇧; g] is the expo-
nential of unbroken SO(4) generators only, for which we took a block-diagonal
form. Therefore h itself is block diagonal, with the first 4 ⇥ 4 block made of
an SO(4) rotation and “1” in the remaining entry. The two objects defined
above, T 4

R and T 1
R, thus belong to two distinct SO(4) representation, namely

T 4
R 2 42/3 , T 1

R 2 12/3 , (2.4.26)

with 2/3 U(1)X charge. They can be employed independently in the con-
struction of invariants.

We now turn to the qL coupling. The corresponding operator, (OL
F )I ,

is still an SO(5) fiveplet with X = 2/3, but it is not necessarily related
with (OR

F )I . Two independent operators might well exist in the composite
sector, characterized by di↵erent scaling dimensions dL 6= dR. Furthermore,
the opposite chirality components of OL

F and OR
F participate to the mixing,

namely the right-handed chirality for OL
F , which mixes with qL, and the

left-handed one for OR
F . If the composite sector does not respect the parity

symmetry the two chiralities correspond to independent operators. If on the
contrary the composite sector does respect parity we might be entitled to
regard OL

F and OR
F as the two components of one single Dirac operator and

in this case dL = dR. The discussion which follows is independent of which
of the two options is realized.

In very much the same way as for the tR we write the qL interaction as

LqL

Int = �tR

�
QtL

�I �OL
F

�
I

+ h.c. , (2.4.27)

where QtL is again an incomplete multiplet, this time given by

QtL =
1p
2
{�i bL, �bL, �i tL, tL, 0}T . (2.4.28)QL =

Symmetries:                  , QL!g·QLTR!g·TR

U [~⇧] ! ~U [~⇧(g)] = g · U [~⇧] · h†[g, ~⇧] h=


h4⇥4 0
0 1

�
2 SO(4)=H

The Minimal CH Couplings

Simplest choice is           :     (CAVEAT: extra          for hypercharge)O 2 5 U(1)X

16

Partial compositeness:
elementary fermions mix with chiral composite operators

which have mass terms after EW breaking 
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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
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dynamics we have been studying so far, namely the Higgs and the gauge
fields, are all neutral objects. All the derivations of the previous sections, the
definition of the CCWZ d and e symbols and their properties are una↵ected
by the extension of the group and hold in exactly the same way. The pres-
ence of the U(1)X must of course be taken into account when dealing with
charged fields, in particular the covariant derivative of Eq. (2.3.46) should be
supplemented by a term with the source Xµ in order to respect local U(1)X

invariance.
We now return to our problem of identifying suitable representations for

the fermionic operators. The simplest one is the 5, let us thus start from
the case in which the OL,R

F , namely those that mix with the elementary qL

and tR as in Eq. (2.2.34), are part of a fiveplet with an appropriate choice,
X = 2/3, of the U(1)X charge. When decomposed under SO(4), the fiveplet
splits into a singlet plus one fourplet 4 = (2,2), which in turn leads to two
SU(2)L doublets of opposite T 3

R charges as shown in Appendix 2.A. Given
our new definition of the hypercharge (2.4.18), the 52/3 decomposes under
GEW as

52/3 ! 42/3 � 12/3 ! 27/6 � 21/6 � 12/3 . (2.4.21)

The two last terms could couple to qL and to tR respectively. The easiest
one is the tR coupling. The fermionic operator, (OR

F )I , is endowed with a
fiveplet index I but the only component which couples to tR is the singlet
embedded in the last entry I = 5. Nevertheless, it is convenient to express
the interaction as

LtR
int = �tRtR

�
OR

F

�
5

+ h.c. = �tR

�
TR

�I �OR
F

�
I

+ h.c. , (2.4.22)

in terms of an incomplete fiveplet

TR = {0, 0, 0, 0, tR}T , (2.4.23)

which we denote as the embedding of tR in the 5. Notice that the interac-
tion has been written in a shorthand notation in which �tR represents the
coupling strength at the IR and the powers of m⇤ needed to match energy
dimensionality have been reabsorbed in the operator normalization. The “ T

” symbols is just the transpose, needed because we want to work with column
vectors.

The rewriting in terms of TR is extremely useful to read the implications
of the symmetries on the elementary fermions interactions. Suppose one is
willing to compute the e↵ective Lagrangian for the SM fermions, the gauge
and the Higgs fields, obtained by integrating out the composite sector dy-
namics and ignoring the virtual e↵ects from elementary fields exchange, which
could be possibly added on top. The fact that TR is an incomplete multiplet
is irrelevant for this calculation, we might formally uplift it to a complete
multiplet of external source fields and eventually set it to its physical form
by Eq. (2.4.23). The idea is exactly the one we introduced in Sect. 2.3.2 to
deal with the elementary gauge fields. But if TR is regarded as a complete
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multiplet we can consider transforming it under the global group and its ef-
fective Lagrangian must stay invariant. The transformation must clearly be
the same one of OR

F in order for the interaction to be formally invariant.
Therefore under SO(5)

(TR)I ! g J
I (TR)J , (2.4.24)

and the U(1)X charge is equal to 2/3. In order to write down invariant
Lagrangians by employing the general CCWZ construction it is convenient
to “dress” the source with the Goldstone matrix and to define the following
objects �

T 4
R, T 1

R

 T
= U [⇧]† · TR . (2.4.25)

This dressing procedure is fully analog to the one we adopted for the gauge
source in Eq. (2.3.28): by multiplying with U�1 we turn an index trans-
forming with g into one transforming with h[⇧; g]. The latter can be pari-
tyeventually contracted, together with all the other CCWZ objects defined
in Sect. 2.3, by respecting the local SO(4) symmetry and the result will be
automatically invariant under the full SO(5). Notice that h[⇧; g] is the expo-
nential of unbroken SO(4) generators only, for which we took a block-diagonal
form. Therefore h itself is block diagonal, with the first 4 ⇥ 4 block made of
an SO(4) rotation and “1” in the remaining entry. The two objects defined
above, T 4

R and T 1
R, thus belong to two distinct SO(4) representation, namely

T 4
R 2 42/3 , T 1

R 2 12/3 , (2.4.26)

with 2/3 U(1)X charge. They can be employed independently in the con-
struction of invariants.

We now turn to the qL coupling. The corresponding operator, (OL
F )I ,

is still an SO(5) fiveplet with X = 2/3, but it is not necessarily related
with (OR

F )I . Two independent operators might well exist in the composite
sector, characterized by di↵erent scaling dimensions dL 6= dR. Furthermore,
the opposite chirality components of OL

F and OR
F participate to the mixing,

namely the right-handed chirality for OL
F , which mixes with qL, and the

left-handed one for OR
F . If the composite sector does not respect the parity

symmetry the two chiralities correspond to independent operators. If on the
contrary the composite sector does respect parity we might be entitled to
regard OL

F and OR
F as the two components of one single Dirac operator and

in this case dL = dR. The discussion which follows is independent of which
of the two options is realized.

In very much the same way as for the tR we write the qL interaction as

LqL

Int = �tR

�
QtL

�I �OL
F

�
I

+ h.c. , (2.4.27)

where QtL is again an incomplete multiplet, this time given by

QtL =
1p
2
{�i bL, �bL, �i tL, tL, 0}T . (2.4.28)QL =

Symmetries:                  , QL!g·QLTR!g·TR

U [~⇧] ! ~U [~⇧(g)] = g · U [~⇧] · h†[g, ~⇧] h=


h4⇥4 0
0 1

�
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dynamics we have been studying so far, namely the Higgs and the gauge
fields, are all neutral objects. All the derivations of the previous sections, the
definition of the CCWZ d and e symbols and their properties are una↵ected
by the extension of the group and hold in exactly the same way. The pres-
ence of the U(1)X must of course be taken into account when dealing with
charged fields, in particular the covariant derivative of Eq. (2.3.46) should be
supplemented by a term with the source Xµ in order to respect local U(1)X

invariance.
We now return to our problem of identifying suitable representations for

the fermionic operators. The simplest one is the 5, let us thus start from
the case in which the OL,R

F , namely those that mix with the elementary qL

and tR as in Eq. (2.2.34), are part of a fiveplet with an appropriate choice,
X = 2/3, of the U(1)X charge. When decomposed under SO(4), the fiveplet
splits into a singlet plus one fourplet 4 = (2,2), which in turn leads to two
SU(2)L doublets of opposite T 3

R charges as shown in Appendix 2.A. Given
our new definition of the hypercharge (2.4.18), the 52/3 decomposes under
GEW as

52/3 ! 42/3 � 12/3 ! 27/6 � 21/6 � 12/3 . (2.4.21)

The two last terms could couple to qL and to tR respectively. The easiest
one is the tR coupling. The fermionic operator, (OR

F )I , is endowed with a
fiveplet index I but the only component which couples to tR is the singlet
embedded in the last entry I = 5. Nevertheless, it is convenient to express
the interaction as

LtR
int = �tRtR

�
OR

F

�
5

+ h.c. = �tR

�
TR

�I �OR
F

�
I

+ h.c. , (2.4.22)

in terms of an incomplete fiveplet

TR = {0, 0, 0, 0, tR}T , (2.4.23)

which we denote as the embedding of tR in the 5. Notice that the interac-
tion has been written in a shorthand notation in which �tR represents the
coupling strength at the IR and the powers of m⇤ needed to match energy
dimensionality have been reabsorbed in the operator normalization. The “ T

” symbols is just the transpose, needed because we want to work with column
vectors.

The rewriting in terms of TR is extremely useful to read the implications
of the symmetries on the elementary fermions interactions. Suppose one is
willing to compute the e↵ective Lagrangian for the SM fermions, the gauge
and the Higgs fields, obtained by integrating out the composite sector dy-
namics and ignoring the virtual e↵ects from elementary fields exchange, which
could be possibly added on top. The fact that TR is an incomplete multiplet
is irrelevant for this calculation, we might formally uplift it to a complete
multiplet of external source fields and eventually set it to its physical form
by Eq. (2.4.23). The idea is exactly the one we introduced in Sect. 2.3.2 to
deal with the elementary gauge fields. But if TR is regarded as a complete
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multiplet we can consider transforming it under the global group and its ef-
fective Lagrangian must stay invariant. The transformation must clearly be
the same one of OR

F in order for the interaction to be formally invariant.
Therefore under SO(5)

(TR)I ! g J
I (TR)J , (2.4.24)

and the U(1)X charge is equal to 2/3. In order to write down invariant
Lagrangians by employing the general CCWZ construction it is convenient
to “dress” the source with the Goldstone matrix and to define the following
objects �

T 4
R, T 1

R

 T
= U [⇧]† · TR . (2.4.25)

This dressing procedure is fully analog to the one we adopted for the gauge
source in Eq. (2.3.28): by multiplying with U�1 we turn an index trans-
forming with g into one transforming with h[⇧; g]. The latter can be pari-
tyeventually contracted, together with all the other CCWZ objects defined
in Sect. 2.3, by respecting the local SO(4) symmetry and the result will be
automatically invariant under the full SO(5). Notice that h[⇧; g] is the expo-
nential of unbroken SO(4) generators only, for which we took a block-diagonal
form. Therefore h itself is block diagonal, with the first 4 ⇥ 4 block made of
an SO(4) rotation and “1” in the remaining entry. The two objects defined
above, T 4

R and T 1
R, thus belong to two distinct SO(4) representation, namely

T 4
R 2 42/3 , T 1

R 2 12/3 , (2.4.26)

with 2/3 U(1)X charge. They can be employed independently in the con-
struction of invariants.

We now turn to the qL coupling. The corresponding operator, (OL
F )I ,

is still an SO(5) fiveplet with X = 2/3, but it is not necessarily related
with (OR

F )I . Two independent operators might well exist in the composite
sector, characterized by di↵erent scaling dimensions dL 6= dR. Furthermore,
the opposite chirality components of OL

F and OR
F participate to the mixing,

namely the right-handed chirality for OL
F , which mixes with qL, and the

left-handed one for OR
F . If the composite sector does not respect the parity

symmetry the two chiralities correspond to independent operators. If on the
contrary the composite sector does respect parity we might be entitled to
regard OL

F and OR
F as the two components of one single Dirac operator and

in this case dL = dR. The discussion which follows is independent of which
of the two options is realized.

In very much the same way as for the tR we write the qL interaction as

LqL

Int = �tR

�
QtL

�I �OL
F

�
I

+ h.c. , (2.4.27)

where QtL is again an incomplete multiplet, this time given by

QtL =
1p
2
{�i bL, �bL, �i tL, tL, 0}T . (2.4.28)QL =

Symmetries:                  , QL!g·QLTR!g·TR

U [~⇧] ! ~U [~⇧(g)] = g · U [~⇧] · h†[g, ~⇧] h=
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dynamics we have been studying so far, namely the Higgs and the gauge
fields, are all neutral objects. All the derivations of the previous sections, the
definition of the CCWZ d and e symbols and their properties are una↵ected
by the extension of the group and hold in exactly the same way. The pres-
ence of the U(1)X must of course be taken into account when dealing with
charged fields, in particular the covariant derivative of Eq. (2.3.46) should be
supplemented by a term with the source Xµ in order to respect local U(1)X

invariance.
We now return to our problem of identifying suitable representations for

the fermionic operators. The simplest one is the 5, let us thus start from
the case in which the OL,R

F , namely those that mix with the elementary qL

and tR as in Eq. (2.2.34), are part of a fiveplet with an appropriate choice,
X = 2/3, of the U(1)X charge. When decomposed under SO(4), the fiveplet
splits into a singlet plus one fourplet 4 = (2,2), which in turn leads to two
SU(2)L doublets of opposite T 3

R charges as shown in Appendix 2.A. Given
our new definition of the hypercharge (2.4.18), the 52/3 decomposes under
GEW as

52/3 ! 42/3 � 12/3 ! 27/6 � 21/6 � 12/3 . (2.4.21)

The two last terms could couple to qL and to tR respectively. The easiest
one is the tR coupling. The fermionic operator, (OR

F )I , is endowed with a
fiveplet index I but the only component which couples to tR is the singlet
embedded in the last entry I = 5. Nevertheless, it is convenient to express
the interaction as

LtR
int = �tRtR

�
OR

F

�
5

+ h.c. = �tR

�
TR

�I �OR
F

�
I

+ h.c. , (2.4.22)

in terms of an incomplete fiveplet

TR = {0, 0, 0, 0, tR}T , (2.4.23)

which we denote as the embedding of tR in the 5. Notice that the interac-
tion has been written in a shorthand notation in which �tR represents the
coupling strength at the IR and the powers of m⇤ needed to match energy
dimensionality have been reabsorbed in the operator normalization. The “ T

” symbols is just the transpose, needed because we want to work with column
vectors.

The rewriting in terms of TR is extremely useful to read the implications
of the symmetries on the elementary fermions interactions. Suppose one is
willing to compute the e↵ective Lagrangian for the SM fermions, the gauge
and the Higgs fields, obtained by integrating out the composite sector dy-
namics and ignoring the virtual e↵ects from elementary fields exchange, which
could be possibly added on top. The fact that TR is an incomplete multiplet
is irrelevant for this calculation, we might formally uplift it to a complete
multiplet of external source fields and eventually set it to its physical form
by Eq. (2.4.23). The idea is exactly the one we introduced in Sect. 2.3.2 to
deal with the elementary gauge fields. But if TR is regarded as a complete
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multiplet we can consider transforming it under the global group and its ef-
fective Lagrangian must stay invariant. The transformation must clearly be
the same one of OR

F in order for the interaction to be formally invariant.
Therefore under SO(5)

(TR)I ! g J
I (TR)J , (2.4.24)

and the U(1)X charge is equal to 2/3. In order to write down invariant
Lagrangians by employing the general CCWZ construction it is convenient
to “dress” the source with the Goldstone matrix and to define the following
objects �

T 4
R, T 1

R

 T
= U [⇧]† · TR . (2.4.25)

This dressing procedure is fully analog to the one we adopted for the gauge
source in Eq. (2.3.28): by multiplying with U�1 we turn an index trans-
forming with g into one transforming with h[⇧; g]. The latter can be pari-
tyeventually contracted, together with all the other CCWZ objects defined
in Sect. 2.3, by respecting the local SO(4) symmetry and the result will be
automatically invariant under the full SO(5). Notice that h[⇧; g] is the expo-
nential of unbroken SO(4) generators only, for which we took a block-diagonal
form. Therefore h itself is block diagonal, with the first 4 ⇥ 4 block made of
an SO(4) rotation and “1” in the remaining entry. The two objects defined
above, T 4

R and T 1
R, thus belong to two distinct SO(4) representation, namely

T 4
R 2 42/3 , T 1

R 2 12/3 , (2.4.26)

with 2/3 U(1)X charge. They can be employed independently in the con-
struction of invariants.

We now turn to the qL coupling. The corresponding operator, (OL
F )I ,

is still an SO(5) fiveplet with X = 2/3, but it is not necessarily related
with (OR

F )I . Two independent operators might well exist in the composite
sector, characterized by di↵erent scaling dimensions dL 6= dR. Furthermore,
the opposite chirality components of OL

F and OR
F participate to the mixing,

namely the right-handed chirality for OL
F , which mixes with qL, and the

left-handed one for OR
F . If the composite sector does not respect the parity

symmetry the two chiralities correspond to independent operators. If on the
contrary the composite sector does respect parity we might be entitled to
regard OL

F and OR
F as the two components of one single Dirac operator and

in this case dL = dR. The discussion which follows is independent of which
of the two options is realized.

In very much the same way as for the tR we write the qL interaction as

LqL

Int = �tR

�
QtL

�I �OL
F

�
I

+ h.c. , (2.4.27)

where QtL is again an incomplete multiplet, this time given by

QtL =
1p
2
{�i bL, �bL, �i tL, tL, 0}T . (2.4.28)QL =
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Different choices lead to different Higgs couplings strength to fermions 5

QL \QR 1 5 10 14

5 1/2 3/2 1/2
5
2

1� 24
25

y1
y4

1� 4
5

y1
y4

10 ⇥ 1/2 3/2 3/2

14 3/2
9
2

1� 10
9

y1
y4

1� 2 y1
y4

3/2
11
2

1� 64
55

y1
y4

� 6
11

y9
y4

1� 8
5

y1
y4

TABLE I: Summary table showing the value of �(t)
g , defined

by Eq. (15), for di↵erent choices of the embeddings of elemen-
tary fermions. The yr were defined in Eq. (14). The points
at which �(t)

g formally diverges (for example, y4 = 8y1/5
for 14L + 14R) correspond to the nonviable situation where
m0

t / s3hch and thus ct ! 3 for ⇠ ! 0 , i.e. the SM top
Yukawa is not recovered in the limit ⇠ ! 0 . In the case
QL ⇠ 10, QR ⇠ 1, there is no invariant that can generate the
top mass.

�(t)

g

= 4 (�(t)

g

= 11/2) : in both cases the rate is ac-
tually strongly suppressed, suggesting that in most of
the parameter space of the MCHM

14

we should expect
c(t)
g

< 1 .6 This will be confirmed by the detailed analysis
contained in Section III. In Table I we report the values
of �(t)

g

for the lowest-dimensional embeddings compati-
ble with the custodial symmetry that protects the Z-b-b̄
coupling [32]. Notice that the results in the column corre-
sponding to Q

R

⇠ 1 hold even if the t
R

is assumed to be
a fully composite chiral state, rather than an elementary
field mixed with a strong sector operator. In fact, if t

R

is
fully composite the structure of the mass matrix di↵ers
from that in Eq. (8), but Eq. (10) still holds. Therefore,
independently of whether t

R

is a partially or fully com-
posite singlet of SO(5), the hgg coupling is determined
by the SO(4) invariants that can be built out of Q

L

and
the Goldstone matrix, and are linear in the former.

In models which feature more than one LR invariant,
such as MCHM

14

, the Higgs production rate is sensitive
to the resonance spectrum, implying that the analysis of
Higgs couplings can usefully complement the information
coming from direct searches for heavy fermions. We also
note that because of the dependence on the ratios y

r

/y
r

0 ,
the Higgs coupling to gluons is insensitive to the abso-
lute scale of the resonances. Therefore one can envisage
a finely-tuned scenario where all the top partners are rel-
atively heavy and thus out of the direct reach of the LHC
[7], but the imprint they leave on Higgs rates still carries
some information about UV physics. In this ‘split’ ver-
sion of the composite Higgs setup, the Higgs couplings

6 We expect the typical value of �(t)
g to increase with the dimen-

sion of the SO(5) representation. Therefore, for large enough

representations negative values of c(t)g might be possible.

would be the primary source of information about the
strong sector.
It is important to observe that when the light genera-

tions are included in the theory, the presence of multiple
SO(4) invariants in the LR sector gives rise to Higgs-
mediated FCNC at tree level [31, 33]. These flavor-
changing Higgs couplings are suppressed only by ⇠ , which
is generically not enough to comply with bounds from fla-
vor physics, such as Kaon mixing. This issue is relaxed if
the underlying flavour structure realizes Minimal Flavor
Violation (MFV) [25]. This would imply in particular a
sizable degree of compositeness for one of the chiralities
(either left or right) of all SM fermions, making the con-
tribution of the partners of light quarks to the hgg and
h�� couplings potentially sizable [30].

III. AN EXPLICIT CONSTRUCTION: MCHM14

In this section we describe in detail one explicit model
where the Higgs couplings to gluons and photons can
take a continuum of values depending on the spectrum of
resonances, as in Eq. (15). As we discussed, this happens
when the top mass arises from at least two independent
SO(4) invariants. Here we focus on the realization of the
MCHM where both q

L

and t
R

are embedded into a 14
with X charge equal to 2/3:
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(20)

We recall that 14 = 9 � 4 � 1 under SO(4). Including
for simplicity only one copy of each composite multiplet
 

9,4,1

, the Lagrangian for the top sector can be written
in the form
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Tr[(UT Q
L

U) 
9R

] + FR

9

Tr[ 
9L

(UTT
R

U)]

+
p
2FL

4

(UTQ
L

U)
5i

( 
4R

)
i

+
p
2FR

4

( 
4L

)
i

(UTT
R

U)
i5

+

p
5

2
FL

1

(UT Q
L

U)
55

 
1R

+

p
5

2
FR

1

 
1L

(UTT
R

U)
55

+ h.c.
⌘
, (21)

where Dµ 
r

⌘ (@µ � ig0XBµ � ig
s

Gµ) 
r

. Notice that
we adopted here a di↵erent normalization of the mixing

Montull et al
1308.0559
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Precise bound on global 
symmetry breaking scale 
depends a bit on  
realization of fermion 
sector 

However typical bound is in 
the 700 GeV ballpark

68%68%

95%95%
MCHM4MCHM4MCHM5MCHM5
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v2

f 2

D
c2

f@TeVD
Current constraints

Channel Production Run-1 ATLAS Run-2 CMS Run-2

�� ggh 1.10+0.23
�0.22 0.62+0.30

�0.29 [4] 0.77+0.25
�0.23 [5]

VBF 1.3+0.5
�0.5 2.25+0.75

�0.75 [4] 1.61+0.90
�0.80 [5]

Wh 0.5+1.3
�1.2 - -

Zh 0.5+3.0
�2.5 - -

V h - 0.30+1.21
�1.12 [4] -

tt̄h 2.2+1.6
�1.3 �0.22+1.26

�0.99 [4] 1.9+1.5
�1.2 [5]

Z� incl. 1.4+3.3
�3.2 - -

ZZ⇤ ggh 1.13+0.34
�0.31 1.34+0.39

�0.33 [4] 0.96+0.40
�0.33 [6]

VBF 0.1+1.1
�0.6 3.8+2.8

�2.2 [4] 0.67+1.61
�0.67 [6]

WW ⇤ ggh 0.84+0.17
�0.17 - -

VBF 1.2+0.4
�0.4 1.7+1.2

�0.9 -

Wh 1.6+1.2
�1.0 3.2+4.4

�4.2 -

Zh 5.9+2.6
�2.2 - -

tt̄h 5.0+1.8
�1.7 - -

incl. - - 0.3± 0.5 [7]

⌧+⌧� ggh 1.0+0.6
�0.6 - -

VBF 1.3+0.4
�0.4 - -

Wh �1.4+1.4
�1.4 - -

Zh 2.2+2.2
�1.8 - -

tt̄h �1.9+3.7
�3.3 - -

bb̄ VBF - �3.9+2.8
�2.9 [8] �3.7+2.4

�2.5 [9]

Wh 1.0+0.5
�0.5 - -

Zh 0.4+0.4
�0.4 - -

V h - 0.21+0.51
�0.50 [10] -

tt̄h 1.15+0.99
�0.94 2.1+1.0

�0.9 [11] �0.19+0.80
�0.81

µ+µ� incl. 0.1+2.5
�2.5 �0.8+2.2

�2.2 [13] -

multi-` cats. - 2.5+1.3
�1.1 [14] 2.3+0.9

�0.8 [15]

Table 3: The Higgs signal strength in various channels measured at the LHC. For the
Run-1, the Z� signal strength is a naive Gaussian combination of ATLAS [1] and CMS
[2] results, and all the remaining numbers are taken from the ATLAS+CMS combination
paper [3]. Correlations between di↵erent Run-1 measurements quoted in Fig. 27 of [3]
are taken into account.

[8] ATLAS Collaboration, Search for Higgs boson production via weak boson fusion
and decaying to bb̄ in association with a high-energy photon in the ATLAS
detector, .

[9] CMS Collaboration, VBF H to bb using the 2015 data sample, .

[10] ATLAS Collaboration, Search for the Standard Model Higgs boson produced in
association with a vector boson and decaying to a bb̄ pair in pp collisions at 13
TeV using the ATLAS detector, .

3
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In SM EFT, assuming MFV, there are 9 independent linear combinations of CP-even 
dimension-6 operators which affect single  Higgs couplings to matter at leading order 
but don’t affect electroweak precision observables 

These combinations can be labeled by the Higgs boson couplings in the effective 
Lagrangian to which each one contributes

The current Higgs data already allow one to place non-trivial constraints on these 9 
combinations of dimension-6 operators      

Digression: general EFT Higgs constraintsLHCHXSWG
1610.07922

relative correction 
to W mass
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Digression: general EFT Higgs constraints
Channel Production Run-1 ATLAS Run-2 CMS Run-2

�� ggh 1.10+0.23
�0.22 0.62+0.30

�0.29 [4] 0.77+0.25
�0.23 [5]

VBF 1.3+0.5
�0.5 2.25+0.75

�0.75 [4] 1.61+0.90
�0.80 [5]

Wh 0.5+1.3
�1.2 - -

Zh 0.5+3.0
�2.5 - -

V h - 0.30+1.21
�1.12 [4] -

tt̄h 2.2+1.6
�1.3 �0.22+1.26

�0.99 [4] 1.9+1.5
�1.2 [5]

Z� incl. 1.4+3.3
�3.2 - -

ZZ⇤ ggh 1.13+0.34
�0.31 1.34+0.39

�0.33 [4] 0.96+0.40
�0.33 [6]

VBF 0.1+1.1
�0.6 3.8+2.8

�2.2 [4] 0.67+1.61
�0.67 [6]

WW ⇤ ggh 0.84+0.17
�0.17 - -

VBF 1.2+0.4
�0.4 1.7+1.2

�0.9 -

Wh 1.6+1.2
�1.0 3.2+4.4

�4.2 -

Zh 5.9+2.6
�2.2 - -

tt̄h 5.0+1.8
�1.7 - -

incl. - - 0.3± 0.5 [7]

⌧+⌧� ggh 1.0+0.6
�0.6 - -

VBF 1.3+0.4
�0.4 - -

Wh �1.4+1.4
�1.4 - -

Zh 2.2+2.2
�1.8 - -

tt̄h �1.9+3.7
�3.3 - -

bb̄ VBF - �3.9+2.8
�2.9 [8] �3.7+2.4

�2.5 [9]

Wh 1.0+0.5
�0.5 - -

Zh 0.4+0.4
�0.4 - -

V h - 0.21+0.51
�0.50 [10] -

tt̄h 1.15+0.99
�0.94 2.1+1.0

�0.9 [11] �0.19+0.80
�0.81

µ+µ� incl. 0.1+2.5
�2.5 �0.8+2.2

�2.2 [13] -

multi-` cats. - 2.5+1.3
�1.1 [14] 2.3+0.9

�0.8 [15]

Table 3: The Higgs signal strength in various channels measured at the LHC. For the
Run-1, the Z� signal strength is a naive Gaussian combination of ATLAS [1] and CMS
[2] results, and all the remaining numbers are taken from the ATLAS+CMS combination
paper [3]. Correlations between di↵erent Run-1 measurements quoted in Fig. 27 of [3]
are taken into account.

[8] ATLAS Collaboration, Search for Higgs boson production via weak boson fusion
and decaying to bb̄ in association with a high-energy photon in the ATLAS
detector, .

[9] CMS Collaboration, VBF H to bb using the 2015 data sample, .

[10] ATLAS Collaboration, Search for the Standard Model Higgs boson produced in
association with a vector boson and decaying to a bb̄ pair in pp collisions at 13
TeV using the ATLAS detector, .

3

Higgs Run1 Higgs Run1&2 Higgs+LEP-TGC Higgs+TGC

�cz -0.15 ±0.21 �0.10± 0.12 �0.059± 0.083 ±
czz 0.66± 0.60 �0.49± 0.34 0.09± 0.32 ±
cz2 �0.35± 0.41 0.18± 0.12 �0.05± 0.14 ±
c�� �0.0080± 0.0087 0.0077± 0.0076 �0.0021± 0.0070 ±
cz� �0.007± 0.058 �0.015± 0.076 �0.020± 0.062 ±
cgg �0.0056± 0.0025 �0.0042± 0.0009 �0.0043± 0.0010 ±
�yu 0.51± 0.37 0.22± 0.15 0.27± 0.14 ±
�yd �0.49± 0.31 �0.46± 0.20 �0.41± 0.17 ±
�ye �0.29± 0.32 �0.10± 0.13 �0.13± 0.14 ±
�z - - �0.054± 0.047 ±

Table 5: EFT Higgs fits. For the Higgs Run1 data I use the results collected in Table 3
together with the correlations quoted by the combination paper. For the Higgs Run2
data correlations are ignored for the time being.

Higgs Run1&2

�cz �0.13± 0.11

czz �0.56± 0.33

cz2 0.21± 0.12

c�� 0.0072± 0.0073

cz� �0.015± 0.074

cgg �0.0040± 0.0009

�yu 0.17± 0.13

�yd �0.51± 0.18

�ye �0.13± 0.13

Table 6: EFT Higgs fit using the Run1 and Run2 data in Table 3. For the Higgs Run1
data I use the correlations quoted by the combination paper. For the Higgs Run2 data
correlations are ignored for the time being.

5

Some tension in the global fit due to 
the deficit in the bb decay mode

Decrease in bb needs to be 
compensated by negative contributions 
to Higgs-gluon couplings, to avoid 
overshooting γγ, WW, and ZZ channels

12



Dominant effects yield rescaling of Higgs couplings to WW/ZZ/ff 

Contributions to Higgs contact interactions suppressed by additional small 
parameter yt^2/g*^2 due to shift symmetry

EFT for composite Higgs

equations of motion this term can, however, be rewritten as

1

m2
!

!
m2

HH" + !H†HH" + yf(FLfR)"
"2

, (12)

corresponding to e!ects that are all subleading to more direct corrections from the strong

sector.

For completenes we should also list the dimension-6 operators involving only covariant

derivatives and field strengths

O2W = (DµWµ#)
i(D!W

!#)i O2B = ("µBµ#)("!B
!#) O2g = (DµGµ#)

a(D!G
!#)a

(13)

O3W = #ijkW
i
µ

#
W j

#!W
k !µ O3g = fabcG

a
µ

#Gb
#!G

c !µ. (14)

As we show in the appendix A, see eq. (117), the three operators in eq. (13) can be generated

at tree level through the exchange of massive vectors transforming respectively as a weak

triplet, as a singlet and as a color octet. Their coe"cients are therefore in general of order

1/(g!m!)2. The two operators in eq. (14) cannot arise at tree level in minimally-coupled

theories. For instance O3W contributes to the magnetic dipole and to the electric quadrupole

of the W . They are thus generally expected with a coe"cient ! 1/(4$m!)2.

2.3 The SILH e!ective Lagrangian

We now basically have all the ingredients to write down the low-energy dimension-6 e!ective

Lagrangian. We will work under the assumption of a minimally coupled classical Lagrangian

at the scale m!.

Using the rules described in sect. 2.2, we obtain a low-energy e!ective action for the

leading dimension-6 operators involving the Higgs field of the form

LSILH =
cH

2f 2
"µ

#
H†H

$
"µ

#
H†H

$
+

cT

2f 2

%
H†"#DµH

&%
H†"#D µH

&

$
c6!

f 2

#
H†H

$3
+

%
cyyf

f 2
H†Hf̄LHfR + h.c.

&

+
icW g

2m2
!

%
H†%i"#DµH

&
(D#Wµ#)

i +
icBg!

2m2
!

%
H†"#DµH

&
("#Bµ#)

+
icHW g

16$2f 2
(DµH)†%i(D#H)W i

µ# +
icHBg!

16$2f 2
(DµH)†(D#H)Bµ#

+
c$g!2

16$2f 2

g2

g2
!

H†HBµ#B
µ# +

cgg2
S

16$2f 2

y2
t

g2
!

H†HGa
µ#G

aµ# . (15)

9

Giudice et al
hep-ph/0703164

SILH power counting rules for EFT dimension-6 operators
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Couplings of the Higgs boson modified by 
amounts of order v^2/f^2

New vector resonances at the scale 
M*=  g* f  to unitarize VV amplitudes  

Corrections to electroweak precision 
observables from new resonances and 
modified Higgs couplings 

Assuming naturalness:  f should be close 
to v, resonances should not be too heavy, 
and there should also be top partners 
near TeV

Optional: fermionic  partners to lighter 
quarks, extra scalars in Higgs sectors, 
750 GeV resonances, etc.    

Composite Higgs Predictions
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from Perelstein, hep-ph/0512128
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New resonances give a positive 
contribution to S parameter  

Moreover, modifications of Higgs 
couplings effectively yield positive 
contribution to S and negative 
contribution to T

Finally, there can be a new large 
contribution to Zbb vertex 

Constraints on symmetry breaking 
scale f are generically somewhat 
stronger than from LHC Higgs data, 
although they are much more model 
dependent 

0.00 0.05 0.10 0.15 0.20
0
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8
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�

��2

Figure 9. The ��2 and the absolute �2 as a function of ⇠ in the only composite Higgs scenario.
See text for more details.

5.1 Fermionic sector

In this section we investigate the constraints on the fermionic resonances. We start with

the discussion of fermionic singlet for which a full analytical calculation is possible. The

masses of the top quark and the heavy top partner eT are given by

m2

eT ,t
=

1

4
f2



2g2
1

+ ⇠y2L1 + 2 (1� ⇠) y2R1

±
q

4
�

g2
1

+ (1� ⇠) y2R1

�

2

+ 4⇠y2L1
�

g2
1

� (1� ⇠) y2R1

�

�

.

(5.1)

The contributions to the EWPO �g
(b)
L , T̂ and Ŝ coming from loops of eT and the top

quark are given by

�g
(b)
L

�

�

 1+t
=

1

3
T̂
�

�

 1+t
, (5.2)

�T̂
�

�

 1+t
=

3m2

t

16⇡2v2
sin2(2�)

"

m2

eT
�m2

log

✓

meT
mt

◆

+
1

4

 

tan2(�)
m2

eT
m2

t

� 1� 1

cos2(�)

!#

, (5.3)

�Ŝ
�

�

 1+t
=

g2

96⇡2

sin2(2�)

"

1

2

 

6m4

eT

m2

eT
� 3m2

t

�m6

� 3� 1

cos2(�)

!

log

✓

meT
mt

◆

+3
m2

eT
m2

t

�m4

� 5

4

#

. (5.4)

Where �m2 = m2

eT
�m2

t , and the angle � is related to the rotation matrix which defines

the mass eigenstates
⇣

tL, eTL

⌘

cos2(�) =
2m2

eT
� v2y2L1

2�m2

. (5.5)

– 26 –

Electroweak Precision Constraints

Ghosh et al
1511.08235

h

●●

Maximal degree of compositeness not 
allowed by EWPT

!T

!S

0.003 0.004 0.005 0.006 0.007 0.008

!3

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

!1
Elem.

Maximal Composite

a=1
➟ a > 0.86 

Put a bound on the scale of
    compositeness:   f>500 GeV 

a=0●

a a

Higgsless (a=0) disfavored

All these effects nicely parametrized in terms of 4 quantities: 

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

dence with Dim 6 operators
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B(0) (D$Wa
µ")

2

Barbieri, AP, Rattazzi, Strumia
Peskin, Takeushi

borrowed from 
A. Pomarol

15



Heavy vector resonances W’ and Z’ coupled most strongly to the heaviest SM 
particles. One should search for resonances in the t-tbar, and W+W-, WZ, and Wh 
invariant mass spectrum

Couplings to quarks and to lepton is more model dependent.  Some wiggle room to 
control production cross section. Depending on parameters dilepton signatures may 
be the leading ones. 

Current limits typically around 2-3 TeV, but can be evaded by tweaking parameters

Direct Search for Vector Resonances

Diboson Resonance Limit
27

• RS Graviton mass limit up to 2 TeV 
• HVT W’ mass limit up to 2.4 TeV  
• a joint interpretation of VV/Vh channel

VV

Vh
VV

VV
16
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Figure 5. “Composite quarks (standard composite Higgs).” Diboson rate contours for m⇢ = 2 TeV and
cH = 1/2 with aL = 1 (left) and aL = �1 (right). The y-axis varies the degree of left compositeness of the
(uL, dL) and (cL, sL) multiplets. The compositeness of the (tL, bL) multiplet is fixed at sin�t

L = 0.4.

precision measurements of the left handed current of the Z and W bosons. This arises from the

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

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

Role of the SU(2)R triplet

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

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

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

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

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

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

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

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

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

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

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

measurements.

4.2 Direct constraints

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

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

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

to the direct bounds shown in our figures.
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Direct Search for Vector Resonances

Low et al 
1507.07557

⇢

⇡

⇡

⇠ g⇢

⇢

 L,R

 L,R

⇠ max[g2/g⇢, g⇢ sin2 �L,R]

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

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

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

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

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

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

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

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

V V , V h q̄L�
µqL ūR�

µuR d̄R�
µdR ¯̀

L�
µ`L ēR�

µeR

⇢0,± g⇢ �g2

g⇢
(1� aL

g2⇢
g2

s2L,q)⌧
a – – �g2

g⇢
⌧a –

⇢0B g⇢ �1

6

g02

g⇢
(1 + 3aL

g2⇢
g02

s2L,q) �2

3

g02

g⇢

1

3

g02

g⇢

1

2

g02

g⇢

g02

g⇢

⇢±C g⇢ – – – – –

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

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

compositeness. The reason is that in standard composite Higgs, light top partners are required

(i.e. m
 

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

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

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

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

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

table as we treat them as elementary.

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

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

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

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

5
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Figure 1. Couplings between composite vectors ⇢ and the longitudinal components of standard model
vectors (left) and standard model fermions (right).

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

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

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

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

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

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

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

V V , V h q̄L�
µqL ūR�

µuR d̄R�
µdR ¯̀

L�
µ`L ēR�

µeR

⇢0,± g⇢ �g2

g⇢
(1� aL

g2⇢
g2

s2L,q)⌧
a – – �g2

g⇢
⌧a –

⇢0B g⇢ �1

6

g02

g⇢
(1 + 3aL

g2⇢
g02

s2L,q) �2

3

g02

g⇢

1

3

g02

g⇢

1

2

g02

g⇢

g02

g⇢

⇢±C g⇢ – – – – –

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

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

compositeness. The reason is that in standard composite Higgs, light top partners are required

(i.e. m
 

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

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

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

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

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

table as we treat them as elementary.

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

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

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

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

5
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Related scenarios

A 5D model

(Agashe etal 2003, Contino etal 2006)
AdS5

SU(3)c!SO(5)!U(1)X

z

UV

Y = T 3R +X

SU(3)c!SO(4)!U(1)X

IR

SU(3)c!SU(2)V!U(1)X

Lel

Set-up:

• global composite symmetry " bulk gauge symmetry
• elmentary gauge symmetry " UV-breaking by boundary conditions
• H = 0-mode of A5 in SO(5)/SO(4), (-,-) boundary conditions

Fermions:

• for every SM fermion " a full 5D fermion
• choose representations for fermions: ex: ! = (3,5)2/3, (3,10)2/3
• 4D fermion mixings depending on M5D

! " succesfull pheno. naturally!

Higgs Potential:

• non-local e!ect: requires UV and IR breaking " finite and calculable

CH

RS gauge-Higgs

borrowed from
L. da Rold

Little Higgs/2-site model2-site model: elementary/composite

E!ective description: moose diagram (Contino etal 2006)

!
SU(2)L!U(1)Y

SO(5)!U(1)X
"cp

SO(4)!U(1)X

elem.
sector

comp.

sector

L = Lel + Lmix + Lcp

• E!ective description of composite dynamics: !cp,H,Acp
µ

Leff
cp = "1

4
Fcp 2
µ" + !̄cp(i#Dcp "Mcp)!cp + LGB

SM-field $ cp-fields + Gcp sym. + composite GB

cp-sector characterized by a cp scale Mcp and coupling gcp % gSM

Twin Higgs 

Holographic version of large N composite Higgs
where form factors are calculable

Limit of CH where extra gauge 
bosons are weakly coupled and 

cutoff pushed higher

Variant of CH where global 
symmetry arises accidentally 
from discrete symmetry, and 
strong sector charged under 

new SU(3) color

The Twin Higgs

Z. Chacko, H. Goh, R. Harnik, ‘05
...5

1. Fully dark, but otherwise identical copy of the 
Standard Model 

2. SU(4) symmetry for the Higgs potential

SM TwinIngredients:

Z2

borrowed 
from S.Knapen
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Summary

Compositeness is a very natural 
framework to explain origin scalar 
particles, including the SM Higgs 
doublet

The lightness of the Higgs boson wrt 
to the fundamental scale can be 
quantitatively understood, though fine-
tuning seems inevitable at this point

Precision measurements in the Higgs 
sector are a key to constraining the 
scale of Higgs compositeness 
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