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Motivation

• test a possibility to describe the 750GeV excess as a 
composite resonance of some new strong confining (above 
750GeV) dynamics 

Goal:

• capture a broad range of models within a single EFT 
framework and test their structural features
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Motivation

Assumptions:

• S is a part of a new strong sector which

• new resonance S has a spin 0

• S is an EW singlet

- produces PNGB Higgs

- Goldstone sym breaking and top mass from partial 
compositeness

• S decays to SM states only

• S is produced directly



m⇢ ⇠ g⇢f
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Framework
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II. EFT FOR STRONGLY COUPLED UV COMPLETIONS

We start with the models which assume an existence of a new strongly coupled dynamics, which confines at
a certain scale f , not very far above the electroweak scale, and produces a set of composite resonances, one of
which is S. Such situation can generically occur in some theories attempting to address the gauge hierarchy
problem, such as for instance the Composite Higgs (CH) models [2, 3]. Following the idea presented in the
introduction, we will describe the e↵ect of the rest of strong dynamics using a version of naive dimensional
analysis (NDA) similar to those developed in [7, 8, 20], with a cuto↵ scale m⇢ and a coupling g⇢ ⇠ 1 � 4⇡,
related by m⇢ ⇠ g⇢f . m⇢ and g⇢ correspond to a typical mass and a coupling of the composite resonances.
Matching of these parameters to the parameters appearing in weakly coupled UV completions will be discussed
in Section III. Thus any operator generated by UV physics and involving S, the Higgs boson, SM fermions,
vectors or derivatives will have the following form
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where #L stands for a number of loops at which the operator is generated, #g for a number of weak (SM)
couplings associated to the elementary states running in the loops, and #S,H,q,A,p for a number of external
S, H, fermions, vector bosons or momenta insertions. Possible reasons for a loop suppression in the operator
include for instance need for elementary fields running in loops (see text below) or Minimal Coupling (MC)
assumption in the sense of [7, 8]. Nf is an enhancement factor of the loop-level operators, reflecting the
multiplicity of states running in a loop. Later on in Section III we will comment more on this point. The
power counting formula (II.1) only refers to the operators generated by the strong dynamics, hence does not
apply for instance to the elementary fields kinetic terms.

An important ingredient of the power counting is the assumptions about symmetry properties of the under-
lying theory. A simple example which will be useful in the following is a shift symmetry of the filed S, weakly
broken by an interaction with an elementary gauge field A. In such case any operator violating S ! S+const
has to involve the parameter which breaks the shift symmetry, i.e. the gauge field coupling strength, be
it associated to the explicit insertions of external fields (#A 6= 0), or to the A fields running in the loops
(#g 6= 0, #L 6= 0). We will present a detailed classification of the symmetry properties related to S in the
next section. As for the Higgs boson, we will concentrate on a well motivated option where it is realized as a
pseudo-Nambu-Goldstone boson (PNGB). For detailed reviews of composite PNGB Higgs we refer the reader
for instance to Ref.s [4–6]. In brief, the Higgs is assumed to arise as a Goldstone boson of a spontaneously
broken strong sector flavour symmetry, which is also weakly broken in an explicit way by the linear mixings
between the strong sector operators and the fermions and gauge bosons of the Standard Model, which are
assumed to be elementary. This type of explicit breaking, usually referred to as Partial Compositeness mech-
anism, is also responsible for generating the SM fermions masses. Hence the largest breaking of the Goldstone
symmetry is typically proportional to the top quark Yukawa coupling. A key parameter of CH models is a
ratio of the electroweak symmetry breaking scale v = 246 GeV to the strong sector global symmetry breaking
scale f , ⇠ = v2/f2, which defines the size of the Higgs couplings deformations with respect to the SM predic-
tions [10, 11]. ⇠ is naturally expected to be of order one, but is already restricted to ⇠ . 0.2 [12, 39], hence
pointing at a certain level of tuning.

III. MATCHING TO LARGE-N THEORIES AND N-SITE MODELS

In this section we simplistically describe two well-known classes of models, which obey the power counting
rules presented in Section II. A reader not interested in technical details behind the formula (II.1) can skip
this section. The first class is confining SU(N) or SO(N) gauge theories with large N and a number of hyper-
fermion generations Nf . For this kind of theories one can identify a regime in which all orders in the gauge

coupling gS expansion of the amplitudes become of the same size, namely N g2
S

16⇡2 ⇠ 1. Hence the size of whole
infinite sums can be estimated from their scaling with N , which is the same as for the leading order diagram.
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coupling gS expansion of the amplitudes become of the same size, namely N g2
S

16⇡2 ⇠ 1. Hence the size of whole
infinite sums can be estimated from their scaling with N , which is the same as for the leading order diagram.

• EFT for SM + S, characterised by two unknown parameters 

cutoff, typical mass of composite states (>1TeV)

typical coupling of composite states  

EW tuning

• Power Counting
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1) when < S > is >> f , (1 + S/f)F 2 is una↵ected while the other S couplings are dumped.
S >> f is the case in some well-known theories. Can it be implemented here? better suited for
weakly-coupled case (NDA for S potential predicts S ⇠ f and also predicts that S couples to
everything, hence < S > substitutes f)? are there implications for those well-known theories?

2) was it my problem before, when trying to use a tadpole for CH, that there was no way for
some enhancement?
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where #L stands for a number of loops at which the operator is generated, #g for a number of weak (SM)
couplings associated to the elementary states running in the loops, and #S,H,q,A,p for a number of external
S, H, fermions, vector bosons or momenta insertions. Possible reasons for a loop suppression in the operator
include for instance need for elementary fields running in loops (see text below) or Minimal Coupling (MC)
assumption in the sense of [7, 8]. Nf is an enhancement factor of the loop-level operators, reflecting the
multiplicity of states running in a loop. Later on in Section III we will comment more on this point. The
power counting formula (II.1) only refers to the operators generated by the strong dynamics, hence does not
apply for instance to the elementary fields kinetic terms.

An important ingredient of the power counting is the assumptions about symmetry properties of the under-
lying theory. A simple example which will be useful in the following is a shift symmetry of the filed S, weakly
broken by an interaction with an elementary gauge field A. In such case any operator violating S ! S+const
has to involve the parameter which breaks the shift symmetry, i.e. the gauge field coupling strength, be
it associated to the explicit insertions of external fields (#A 6= 0), or to the A fields running in the loops
(#g 6= 0, #L 6= 0). We will present a detailed classification of the symmetry properties related to S in the
next section. As for the Higgs boson, we will concentrate on a well motivated option where it is realized as a
pseudo-Nambu-Goldstone boson (PNGB). For detailed reviews of composite PNGB Higgs we refer the reader
for instance to Ref.s [4–6]. In brief, the Higgs is assumed to arise as a Goldstone boson of a spontaneously
broken strong sector flavour symmetry, which is also weakly broken in an explicit way by the linear mixings
between the strong sector operators and the fermions and gauge bosons of the Standard Model, which are
assumed to be elementary. This type of explicit breaking, usually referred to as Partial Compositeness mech-
anism, is also responsible for generating the SM fermions masses. Hence the largest breaking of the Goldstone
symmetry is typically proportional to the top quark Yukawa coupling. A key parameter of CH models is a
ratio of the electroweak symmetry breaking scale v = 246 GeV to the strong sector global symmetry breaking
scale f , ⇠ = v2/f2, which defines the size of the Higgs couplings deformations with respect to the SM predic-
tions [10, 11]. ⇠ is naturally expected to be of order one, but is already restricted to ⇠ . 0.2 [12, 43], hence
pointing at a certain level of tuning.

1) when < S > is >> f , (1 + S/f)F 2 is una↵ected while the other S couplings are dumped.
S >> f is the case in some well-known theories. Can it be implemented here? better suited for
weakly-coupled case (NDA for S potential predicts S ⇠ f and also predicts that S couples to
everything, hence < S > substitutes f)? are there implications for those well-known theories?

2) was it my problem before, when trying to use a tadpole for CH, that there was no way for
some enhancement?

SM coupling to the 
strong sector controlled 
by Yukawas and gauge 
couplings

generic 
composite 
states
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Framework
• Selection Rules

‣ Goldstone symmetry can require a presence of symmetry breaking 
sources

‣ CP, e.g. forbids SHH for pseudoscalar S
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for instance to Ref.s [4–6]. In brief, the Higgs is assumed to arise as a Goldstone boson of a spontaneously
broken strong sector flavour symmetry, which is also weakly broken in an explicit way by the linear mixings
between the strong sector operators and the fermions and gauge bosons of the Standard Model, which are
assumed to be elementary. This type of explicit breaking, usually referred to as Partial Compositeness mech-
anism, is also responsible for generating the SM fermions masses. Hence the largest breaking of the Goldstone
symmetry is typically proportional to the top quark Yukawa coupling. A key parameter of CH models is a
ratio of the electroweak symmetry breaking scale v = 246 GeV to the strong sector global symmetry breaking
scale f , ⇠ = v2/f2, which defines the size of the Higgs couplings deformations with respect to the SM predic-
tions [10, 11]. ⇠ is naturally expected to be of order one, but is already restricted to ⇠ . 0.2 [12, 43], hence
pointing at a certain level of tuning.

1) when < S > is >> f , (1 + S/f)F 2 is una↵ected while the other S couplings are dumped.
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introduction, we will describe the e↵ect of the rest of strong dynamics using a version of naive dimensional
analysis (NDA) similar to those developed in [7, 8, 24], with a cuto↵ scale m⇢ and a coupling g⇢ ⇠ 1 � 4⇡,
related by m⇢ ⇠ g⇢f . m⇢ and g⇢ correspond to a typical mass and a coupling of the composite resonances.
Matching of these parameters to the parameters appearing in weakly coupled UV completions will be discussed
in Section III. Thus any operator generated by UV physics and involving S, the Higgs boson, SM fermions,
vectors or derivatives will have the following form
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(II.1)

where #L stands for a number of loops at which the operator is generated, #g for a number of weak (SM)
couplings associated to the elementary states running in the loops, and #S,H,q,A,p for a number of external
S, H, fermions, vector bosons or momenta insertions. Possible reasons for a loop suppression in the operator
include for instance need for elementary fields running in loops (see text below) or Minimal Coupling (MC)
assumption in the sense of [7, 8]. Nf is an enhancement factor of the loop-level operators, reflecting the
multiplicity of states running in a loop. Later on in Section III we will comment more on this point. The
power counting formula (II.1) only refers to the operators generated by the strong dynamics, hence does not
apply for instance to the elementary fields kinetic terms.

An important ingredient of the power counting is the assumptions about symmetry properties of the under-
lying theory. A simple example which will be useful in the following is a shift symmetry of the filed S, weakly
broken by an interaction with an elementary gauge field A. In such case any operator violating S ! S+const
has to involve the parameter which breaks the shift symmetry, i.e. the gauge field coupling strength, be
it associated to the explicit insertions of external fields (#A 6= 0), or to the A fields running in the loops
(#g 6= 0, #L 6= 0). We will present a detailed classification of the symmetry properties related to S in the
next section. As for the Higgs boson, we will concentrate on a well motivated option where it is realized as a
pseudo-Nambu-Goldstone boson (PNGB). For detailed reviews of composite PNGB Higgs we refer the reader
for instance to Ref.s [4–6]. In brief, the Higgs is assumed to arise as a Goldstone boson of a spontaneously
broken strong sector flavour symmetry, which is also weakly broken in an explicit way by the linear mixings
between the strong sector operators and the fermions and gauge bosons of the Standard Model, which are
assumed to be elementary. This type of explicit breaking, usually referred to as Partial Compositeness mech-
anism, is also responsible for generating the SM fermions masses. Hence the largest breaking of the Goldstone
symmetry is typically proportional to the top quark Yukawa coupling. A key parameter of CH models is a
ratio of the electroweak symmetry breaking scale v = 246 GeV to the strong sector global symmetry breaking
scale f , ⇠ = v2/f2, which defines the size of the Higgs couplings deformations with respect to the SM predic-
tions [10, 11]. ⇠ is naturally expected to be of order one, but is already restricted to ⇠ . 0.2 [12, 43], hence
pointing at a certain level of tuning.

1) when < S > is >> f , (1 + S/f)F 2 is una↵ected while the other S couplings are dumped.
S >> f is the case in some well-known theories. Can it be implemented here? better suited for
weakly-coupled case (NDA for S potential predicts S ⇠ f and also predicts that S couples to
everything, hence < S > substitutes f)? are there implications for those well-known theories?

2) was it my problem before, when trying to use a tadpole for CH, that there was no way for
some enhancement?

S
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H
1/N in large N
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for instance to Ref.s [4–6]. In brief, the Higgs is assumed to arise as a Goldstone boson of a spontaneously
broken strong sector flavour symmetry, which is also weakly broken in an explicit way by the linear mixings
between the strong sector operators and the fermions and gauge bosons of the Standard Model, which are
assumed to be elementary. This type of explicit breaking, usually referred to as Partial Compositeness mech-
anism, is also responsible for generating the SM fermions masses. Hence the largest breaking of the Goldstone
symmetry is typically proportional to the top quark Yukawa coupling. A key parameter of CH models is a
ratio of the electroweak symmetry breaking scale v = 246 GeV to the strong sector global symmetry breaking
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where #L stands for a number of loops at which the operator is generated, #g for a number of weak (SM)
couplings associated to the elementary states running in the loops, and #S,H,q,A,p for a number of external
S, H, fermions, vector bosons or momenta insertions. Possible reasons for a loop suppression in the operator
include for instance need for elementary fields running in loops (see text below) or Minimal Coupling (MC)
assumption in the sense of [7, 8]. Nf is an enhancement factor of the loop-level operators, reflecting the
multiplicity of states running in a loop. Later on in Section III we will comment more on this point. The
power counting formula (II.1) only refers to the operators generated by the strong dynamics, hence does not
apply for instance to the elementary fields kinetic terms.

An important ingredient of the power counting is the assumptions about symmetry properties of the under-
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for instance to Ref.s [4–6]. In brief, the Higgs is assumed to arise as a Goldstone boson of a spontaneously
broken strong sector flavour symmetry, which is also weakly broken in an explicit way by the linear mixings
between the strong sector operators and the fermions and gauge bosons of the Standard Model, which are
assumed to be elementary. This type of explicit breaking, usually referred to as Partial Compositeness mech-
anism, is also responsible for generating the SM fermions masses. Hence the largest breaking of the Goldstone
symmetry is typically proportional to the top quark Yukawa coupling. A key parameter of CH models is a
ratio of the electroweak symmetry breaking scale v = 246 GeV to the strong sector global symmetry breaking
scale f , ⇠ = v2/f2, which defines the size of the Higgs couplings deformations with respect to the SM predic-
tions [10, 11]. ⇠ is naturally expected to be of order one, but is already restricted to ⇠ . 0.2 [12, 43], hence
pointing at a certain level of tuning.
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S >> f is the case in some well-known theories. Can it be implemented here? better suited for
weakly-coupled case (NDA for S potential predicts S ⇠ f and also predicts that S couples to
everything, hence < S > substitutes f)? are there implications for those well-known theories?
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FIG. 1: Example of diagrams generating the SFµ⌫F
µ⌫ coupling at loop level, in terms of hypothetical hyperquark

constituents of S (on the left) and in terms of their bound states (on the right).

III. MATCHING TO LARGE-N THEORIES AND N-SITE MODELS

In this section we simplistically describe two well-known classes of models, which obey the power counting
rules presented in Section II. A reader not interested in technical details behind the formula (II.1) can skip
this section. The first class is confining SU(N) or SO(N) gauge theories with large N and a number of hyper-
fermion generations Nf . For this kind of theories one can identify a regime in which all orders in the gauge

coupling gS expansion of the amplitudes become of the same size, namely N g2
S

16⇡2 ⇠ 1. Hence the size of whole
infinite sums can be estimated from their scaling with N , which is the same as for the leading order diagram.
In each order of the gS expansion the leading diagrams are those which di↵er from the LO one by insertions
of gluon propagators, as the gluons carry two color indices and hence can bring maximal N -enhancement.
Assuming that this regime plays a dominant role in the dynamics of the bound states (hyperhadrons), one can
use the N -dependence to extract the quantitative information about the behaviour of di↵erent hyperhadron
states, including their masses and interaction strengths. The couplings of hypermeson states obey

g⇢ ' 4⇡p
N

(III.1)

while their mass m⇢ is independent on N [14–16]. From the chosen notation is obvious how these parameters
directly match on those of Eq. (II.1), and so do the power counting rules concerning insertions of external
fields, momenta, couplings and masses.

Any process whose diagram includes a closed fermionic line has to be suppressed by N with respect to

those which do not include it. This can be seen from the mentioned fact that in the regime N g2
S

16⇡2 ⇠ 1 the
dominant gluon loops do not bring any suppression, hence a loop of fermions, which carry one color index less,

is down by a factor of N . From the identification (III.1), a 1/N suppression equals to
g2
⇢

16⇡2 , corresponding to
a loop factor in the formula (II.1). An example of this suppression at work for QCD physics is the Zweig rule.
Analogous suppression can show up in the coupling of hypermeson S to gauge fields strengths if, for instance,
the hyperfermion constituents of S are SM-neutral, hence in order to couple S so SM gauge fields one needs
to produce a pair of other hyperfermion flavour, charged under SM. This example situation is represented
graphically on Fig. 1, note the analogy with a process induced by a loop of hypermesons charged under SM.

The closed fermionic lines can however be enhanced by a multiplicity of hyperfermions, hence a factor Nf

in Eq. (II.1). Staying within a region of applicability of large-N expansion, Nf < N , which also ensures
confinement, one can conclude that the relations for the hypermeson masses and couplings identified above
are not a↵ected by NF [17]. The Nf enhancement of fermionic loop does not have to be the case if the
loop involves flavour-breaking couplings. For instance, under assumption of partial compositeness for the top
quark, the coupling of the latter breaks the strong sector flavour symmetry. E.g. in the minimal composite
Higgs models the flavour group is SO(5), and strong sector operators in its fundamental representation couple
dominantly to the top quark, which fills only one (tR) or two (qL) components of the five needed to preserve
SO(5). This explains why the loop-induced processes involving yt, such as a mass of S when it is realized as
a PNGB, or SF 2 operator are just enhanced by the number of QCD colors and not the total multiplicity Nf .

The second example we want to consider is deconstructed (or N-site) models, which in addition will allow
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Scenarios

5

A pseudo-scalar resonance shift symmetry breaking can be induced by an anomaly. Corresponding
SAµ⌫

eAµ⌫ , SGµ⌫
eGµ⌫ interaction terms are proportional to the e↵ective multiplicity of states NF gen-

erating the anomaly. The S mass is expected to have a parametric form (Nf/N)1/2m⇢ [41], with
N–number of colors of underlying new strong dynamics. Already having one source of the shift sym-
metry breaking, we are not required to introduce more of them, hence we will assume that partial
compositeness couplings do not involve S and do not generate Yukawa-like interactions of S with SM
fermions. Following our bottom-up approach, we will consider NF as a free parameter and search for
its optimal values, needed to reproduce the experimental data. On the other hand Nf can be computed
explicitly given the symmetry structure of the underlying theory, see e.g. [42]. Thus this scenario mainly
di↵ers from the minimally coupled pseudo-scalar by the absence of the coupling to the top quark and a
larger expected MS � m⇢ separation.

In a table below we give the estimated size of the operators relevant for our analysis. We are interested in
leading operators involving one S and two SM fields since they can describe the production and decays of S.
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generic [+MC] PNGB generic [+MC] PNGB (PC) PNGB (anom.)
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where X = G, W, B corresponds to SU(3)c, SU(2)L and U(1)Y gauge field strengths, X2 stands for either
Xµ⌫Xµ⌫ (for scalar S) or Xµ⌫

eXµ⌫ (pseudo-scalar S) while gX is a corresponding SM gauge coupling, q̄q is a
bilinear of SM fermions and yq is a corresponding Higgs Yukawa coupling. Loop suppression factors in square

brackets apply when MC is imposed. N (X)
f is a number of hyperflavours circulating in loops, which can di↵er

for couplings to di↵erent gauge bosons. For the couplings to photons we define N (�)
f = (N (W )

f + N (B)
f )/2. ki

coe�cients are generically expected to be of order 1.
In the following we will use a notation for the photon In Appendix A we give the expressions for the S

production cross sections and decay widths induced by the operators listed above.
For definiteness we will assume that the vacuum expectation value of S is zero, which otherwise would lead

to at most order-one rescaling of the parameters of our lagrangian.

B. Higgs Phenomenology

In this section we examine the e↵ects of strong dynamics on the Higgs boson phenomenology. In the table
below we list the dimension-6 operators relevant for the Higgs interactions with other SM states obtained by
integrating out S and performing a field redefinition H ! H(1�↵|H|2/f2) in order to eliminate the operator
|DµH|2|H|2. These e↵ects are only present if S is a scalar and hence can mix with the Higgs. In addition, for
both scalar and pseudo-scalar S, the Higgs couplings are modified by generic e↵ects of compositeness, which
we also present in the table. where �i are Pauli matrices. Factor of 2 for |H|2B2 with respect to |H|2G2

comes from the fact that the former is obtained directly from SB2 but also from SW 2 operator. The loop
suppression factors in square brackets apply if we impose MC. For each entry we only present the leading
e↵ects. In Nf we omitted the superscript corresponding to the type of gauge bosons for the sake of simplisity.
From the table we see that under a reasonable assumption m⇢ < 4⇡MS we can neglect the S-mixing e↵ects

S
scalar

pseudoscalar

generic NGB(p.c.) generic
NGB

anom.p.c.
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where X = G, W, B corresponds to SU(3)c, SU(2)L and U(1)Y gauge field strengths, X2 stands for either
Xµ⌫Xµ⌫ (for scalar S) or Xµ⌫

eXµ⌫ (pseudo-scalar S) while gX is a corresponding SM gauge coupling, q̄q is a
bilinear of SM fermions and yq is a corresponding Higgs Yukawa coupling. Loop suppression factors in square

brackets apply when MC is imposed. N (X)
f is a number of hyperflavours circulating in loops, which can di↵er

for couplings to di↵erent gauge bosons. For the couplings to photons we define N (�)
f = (N (W )

f + N (B)
f )/2. ki

coe�cients are generically expected to be of order 1.
In the following we will use a notation for the photon In Appendix A we give the expressions for the S

production cross sections and decay widths induced by the operators listed above.
For definiteness we will assume that the vacuum expectation value of S is zero, which otherwise would lead

to at most order-one rescaling of the parameters of our lagrangian.

B. Higgs Phenomenology

In this section we examine the e↵ects of strong dynamics on the Higgs boson phenomenology. In the table
below we list the dimension-6 operators relevant for the Higgs interactions with other SM states obtained by
integrating out S and performing a field redefinition H ! H(1�↵|H|2/f2) in order to eliminate the operator
|DµH|2|H|2. These e↵ects are only present if S is a scalar and hence can mix with the Higgs. In addition, for
both scalar and pseudo-scalar S, the Higgs couplings are modified by generic e↵ects of compositeness, which
we also present in the table. where �i are Pauli matrices. Factor of 2 for |H|2B2 with respect to |H|2G2

comes from the fact that the former is obtained directly from SB2 but also from SW 2 operator. The loop
suppression factors in square brackets apply if we impose MC. For each entry we only present the leading
e↵ects. In Nf we omitted the superscript corresponding to the type of gauge bosons for the sake of simplisity.
From the table we see that under a reasonable assumption m⇢ < 4⇡MS we can neglect the S-mixing e↵ects

S
scalar

pseudoscalar

generic NGB(p.c.) generic
NGB

anom.p.c.

* “Generic” cases allow for additional “loop” suppression



6

Scenarios

5

A pseudo-scalar resonance shift symmetry breaking can be induced by an anomaly. Corresponding
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eAµ⌫ , SGµ⌫
eGµ⌫ interaction terms are proportional to the e↵ective multiplicity of states NF gen-

erating the anomaly. The S mass is expected to have a parametric form (Nf/N)1/2m⇢ [41], with
N–number of colors of underlying new strong dynamics. Already having one source of the shift sym-
metry breaking, we are not required to introduce more of them, hence we will assume that partial
compositeness couplings do not involve S and do not generate Yukawa-like interactions of S with SM
fermions. Following our bottom-up approach, we will consider NF as a free parameter and search for
its optimal values, needed to reproduce the experimental data. On the other hand Nf can be computed
explicitly given the symmetry structure of the underlying theory, see e.g. [42]. Thus this scenario mainly
di↵ers from the minimally coupled pseudo-scalar by the absence of the coupling to the top quark and a
larger expected MS � m⇢ separation.

In a table below we give the estimated size of the operators relevant for our analysis. We are interested in
leading operators involving one S and two SM fields since they can describe the production and decays of S.
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where X = G, W, B corresponds to SU(3)c, SU(2)L and U(1)Y gauge field strengths, X2 stands for either
Xµ⌫Xµ⌫ (for scalar S) or Xµ⌫

eXµ⌫ (pseudo-scalar S) while gX is a corresponding SM gauge coupling, q̄q is a
bilinear of SM fermions and yq is a corresponding Higgs Yukawa coupling. Loop suppression factors in square

brackets apply when MC is imposed. N (X)
f is a number of hyperflavours circulating in loops, which can di↵er

for couplings to di↵erent gauge bosons. For the couplings to photons we define N (�)
f = (N (W )

f + N (B)
f )/2. ki

coe�cients are generically expected to be of order 1.
In the following we will use a notation for the photon In Appendix A we give the expressions for the S

production cross sections and decay widths induced by the operators listed above.
For definiteness we will assume that the vacuum expectation value of S is zero, which otherwise would lead

to at most order-one rescaling of the parameters of our lagrangian.

B. Higgs Phenomenology

In this section we examine the e↵ects of strong dynamics on the Higgs boson phenomenology. In the table
below we list the dimension-6 operators relevant for the Higgs interactions with other SM states obtained by
integrating out S and performing a field redefinition H ! H(1�↵|H|2/f2) in order to eliminate the operator
|DµH|2|H|2. These e↵ects are only present if S is a scalar and hence can mix with the Higgs. In addition, for
both scalar and pseudo-scalar S, the Higgs couplings are modified by generic e↵ects of compositeness, which
we also present in the table. where �i are Pauli matrices. Factor of 2 for |H|2B2 with respect to |H|2G2

comes from the fact that the former is obtained directly from SB2 but also from SW 2 operator. The loop
suppression factors in square brackets apply if we impose MC. For each entry we only present the leading
e↵ects. In Nf we omitted the superscript corresponding to the type of gauge bosons for the sake of simplisity.
From the table we see that under a reasonable assumption m⇢ < 4⇡MS we can neglect the S-mixing e↵ects
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e↵ect of scalar S compositeness

generic [+MC] PNGB e↵ects [+MC]
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with respect to the compositeness e↵ects in most of the operators. The exceptions are |H|2G2 and |H|2B2 in
the generic S case and in the MC case when m⇢/MS & 4⇡/Nfg⇢.

Let us now discuss in details the impact of the operators on the Higgs coupling measurements. Our goal here
is not to consider in details all the e↵ects of the Higgs compositeness. These e↵ects, marginalizing over model-
dependent assumptions about the underlying CH global symmetry structure, typically require ⇠ . 0.2, which
is a general restriction that we will impose in the following. Instead we will only consider in details the the
parameters whose deviations with respect to the SM predictions can be dominated by the operators induced
by the S-H mixing. From the discussion above is clear that these are the e↵ective couplings of the Higgs to
photons and gluons in the case of generic or MC scalar S. One should notice however that they are also a↵ected
by a deformation of the Higgs coupling to the top quark and the Higgs boson wave function renormalization

induced by @µ|H|2@µ|H|2. These two generic CH e↵ects induce an operator ⇠ g2
X

(4⇡)2v2 ⇠|H|2X2 [7], hence the

S-mediated contributions become dominant only in the regime m⇢/MS & g⇢/yt:

e↵ect of generic scalar S [+MC] generic CH distortion
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2
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where Ig ' �0.8, I� ' �1.8, J� ' 8. The modification of the Higgs couplings with SM fermions and
massive gauge bosons is always dominated by generic compositeness e↵ects and is proportional to ⇠.

C. Experimental Data

The results of fits to 13 TeV �� excess did not show a decisive preference in favour of large or small S
width, hence for the �� signal cross section we will require �13

�� = 5.3± 3.1 fb which suits well both large and
narrow widths, accounting for the fact that large cross section is excluded by 8 TeV diphoton searches [18, 21].
Therefore in the following we will not impose separate constraints on the total width of S. In the Table below
we give a summary of the relevant experimental bounds on the observables which can be a↵ected by S or
associated strong dynamics, derived [22] using 8 TeV [23–30] and 13TeV [31–34] LHC run data at 95%CL.

In the lower part of the table we presented the 2� bounds [35] on the e↵ective couplings of the Higgs to
gluons and photons hgg and h�� , normalized such that hgg = h�� = 1 in the Standard Model.

Another type of bounds are the constraints on directly produced new composite resonances, in particular for
the colored composite fermions the current bound is m⇢ & 0.8� 1 TeV [36–39], for the uncolored fermions &
0.1 � 0.4 TeV [43–45] and for the vectors & 2 TeV [46, 47]. In the latter case there is also a hint for a
signal [48, 49]. These bounds push the masses of new composite resonances other than S to MS and above,
which is in favour of our EFT approach.

• Higgs-scalar S mixing affects Higgs phenomenology. We concentrate on 
the effects which can be dominated by S.

• Generic CH effects lead to 

2

II. EFT FOR STRONGLY COUPLED UV COMPLETIONS

We start with the models which assume an existence of a new strongly coupled dynamics, which confines at
a certain scale f , not very far above the electroweak scale, and produces a set of composite resonances, one of
which is S. Such situation can generically occur in some theories attempting to address the gauge hierarchy
problem, such as for instance the Composite Higgs (CH) models [2, 3]. Following the idea presented in the
introduction, we will describe the e↵ect of the rest of strong dynamics using a version of naive dimensional
analysis (NDA) similar to those developed in [7, 8, 20], with a cuto↵ scale m⇢ and a coupling g⇢ ⇠ 1 � 4⇡,
related by m⇢ ⇠ g⇢f . m⇢ and g⇢ correspond to a typical mass and a coupling of the composite resonances.
Matching of these parameters to the parameters appearing in weakly coupled UV completions will be discussed
in Section III. Thus any operator generated by UV physics and involving S, the Higgs boson, SM fermions,
vectors or derivatives will have the following form

m2
⇢f

2

"
(Nf )

g2⇢
(4⇡)2

##L 
g

g⇢

�#g

S

f

�#S

H

f

�#H
"

g⇢q

m3/2
⇢

##q 
gA

m⇢

�#A


p

m⇢

�#p

(II.1)

where #L stands for a number of loops at which the operator is generated, #g for a number of weak (SM)
couplings associated to the elementary states running in the loops, and #S,H,q,A,p for a number of external
S, H, fermions, vector bosons or momenta insertions. Possible reasons for a loop suppression in the operator
include for instance need for elementary fields running in loops (see text below) or Minimal Coupling (MC)
assumption in the sense of [7, 8]. Nf is an enhancement factor of the loop-level operators, reflecting the
multiplicity of states running in a loop. Later on in Section III we will comment more on this point. The
power counting formula (II.1) only refers to the operators generated by the strong dynamics, hence does not
apply for instance to the elementary fields kinetic terms.

An important ingredient of the power counting is the assumptions about symmetry properties of the under-
lying theory. A simple example which will be useful in the following is a shift symmetry of the filed S, weakly
broken by an interaction with an elementary gauge field A. In such case any operator violating S ! S+const
has to involve the parameter which breaks the shift symmetry, i.e. the gauge field coupling strength, be
it associated to the explicit insertions of external fields (#A 6= 0), or to the A fields running in the loops
(#g 6= 0, #L 6= 0). We will present a detailed classification of the symmetry properties related to S in the
next section. As for the Higgs boson, we will concentrate on a well motivated option where it is realized as a
pseudo-Nambu-Goldstone boson (PNGB). For detailed reviews of composite PNGB Higgs we refer the reader
for instance to Ref.s [4–6]. In brief, the Higgs is assumed to arise as a Goldstone boson of a spontaneously
broken strong sector flavour symmetry, which is also weakly broken in an explicit way by the linear mixings
between the strong sector operators and the fermions and gauge bosons of the Standard Model, which are
assumed to be elementary. This type of explicit breaking, usually referred to as Partial Compositeness mech-
anism, is also responsible for generating the SM fermions masses. Hence the largest breaking of the Goldstone
symmetry is typically proportional to the top quark Yukawa coupling. A key parameter of CH models is a
ratio of the electroweak symmetry breaking scale v = 246 GeV to the strong sector global symmetry breaking
scale f , ⇠ = v2/f2, which defines the size of the Higgs couplings deformations with respect to the SM predic-
tions [10, 11]. ⇠ is naturally expected to be of order one, but is already restricted to ⇠ . 0.2 [12, 39], hence
pointing at a certain level of tuning.

III. MATCHING TO LARGE-N THEORIES AND N-SITE MODELS

In this section we simplistically describe two well-known classes of models, which obey the power counting
rules presented in Section II. A reader not interested in technical details behind the formula (II.1) can skip
this section. The first class is confining SU(N) or SO(N) gauge theories with large N and a number of hyper-
fermion generations Nf . For this kind of theories one can identify a regime in which all orders in the gauge

coupling gS expansion of the amplitudes become of the same size, namely N g2
S

16⇡2 ⇠ 1. Hence the size of whole
infinite sums can be estimated from their scaling with N , which is the same as for the leading order diagram.
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e↵ect of scalar S compositeness

generic [+MC] PNGB e↵ects [+MC]
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with respect to the compositeness e↵ects in most of the operators. The exceptions are |H|2G2 and |H|2B2 in
the generic S case and in the MC case when m⇢/MS & 4⇡/Nfg⇢.

Let us now discuss in details the impact of the operators on the Higgs coupling measurements. Our goal here
is not to consider in details all the e↵ects of the Higgs compositeness. These e↵ects, marginalizing over model-
dependent assumptions about the underlying CH global symmetry structure, typically require ⇠ . 0.2, which
is a general restriction that we will impose in the following. Instead we will only consider in details the the
parameters whose deviations with respect to the SM predictions can be dominated by the operators induced
by the S-H mixing. From the discussion above is clear that these are the e↵ective couplings of the Higgs to
photons and gluons in the case of generic or MC scalar S. One should notice however that they are also a↵ected
by a deformation of the Higgs coupling to the top quark and the Higgs boson wave function renormalization

induced by @µ|H|2@µ|H|2. These two generic CH e↵ects induce an operator ⇠ g2
X

(4⇡)2v2 ⇠|H|2X2 [7], hence the

S-mediated contributions become dominant only in the regime m⇢/MS & g⇢/yt:

e↵ect of generic scalar S [+MC] generic CH distortion
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where Ig ' �0.8, I� ' �1.8, J� ' 8. The modification of the Higgs couplings with SM fermions and
massive gauge bosons is always dominated by generic compositeness e↵ects and is proportional to ⇠.

C. Experimental Data

The results of fits to 13 TeV �� excess did not show a decisive preference in favour of large or small S
width, hence for the �� signal cross section we will require �13

�� = 5.3± 3.1 fb which suits well both large and
narrow widths, accounting for the fact that large cross section is excluded by 8 TeV diphoton searches [18, 21].
Therefore in the following we will not impose separate constraints on the total width of S. In the Table below
we give a summary of the relevant experimental bounds on the observables which can be a↵ected by S or
associated strong dynamics, derived [22] using 8 TeV [23–30] and 13TeV [31–34] LHC run data at 95%CL.

In the lower part of the table we presented the 2� bounds [35] on the e↵ective couplings of the Higgs to
gluons and photons hgg and h�� , normalized such that hgg = h�� = 1 in the Standard Model.

Another type of bounds are the constraints on directly produced new composite resonances, in particular for
the colored composite fermions the current bound is m⇢ & 0.8� 1 TeV [36–39], for the uncolored fermions &
0.1 � 0.4 TeV [43–45] and for the vectors & 2 TeV [46, 47]. In the latter case there is also a hint for a
signal [48, 49]. These bounds push the masses of new composite resonances other than S to MS and above,
which is in favour of our EFT approach.
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with respect to the compositeness e↵ects in most of the operators. The exceptions are |H|2G2 and |H|2B2 in
the generic S case and in the MC case when m⇢/MS & 4⇡/Nfg⇢.

Let us now discuss in details the impact of the operators on the Higgs coupling measurements. Our goal here
is not to consider in details all the e↵ects of the Higgs compositeness. These e↵ects, marginalizing over model-
dependent assumptions about the underlying CH global symmetry structure, typically require ⇠ . 0.2, which
is a general restriction that we will impose in the following. Instead we will only consider in details the the
parameters whose deviations with respect to the SM predictions can be dominated by the operators induced
by the S-H mixing. From the discussion above is clear that these are the e↵ective couplings of the Higgs to
photons and gluons in the case of generic or MC scalar S. One should notice however that they are also a↵ected
by a deformation of the Higgs coupling to the top quark and the Higgs boson wave function renormalization

induced by @µ|H|2@µ|H|2. These two generic CH e↵ects induce an operator ⇠ g2
X

(4⇡)2v2 ⇠|H|2X2 [7], hence the

S-mediated contributions become dominant only in the regime m⇢/MS & g⇢/yt:
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where Ig ' �0.8, I� ' �1.8, J� ' 8. The modification of the Higgs couplings with SM fermions and
massive gauge bosons is always dominated by generic compositeness e↵ects and is proportional to ⇠.

C. Experimental Data

The results of fits to 13 TeV �� excess did not show a decisive preference in favour of large or small S
width, hence for the �� signal cross section we will require �13

�� = 5.3± 3.1 fb which suits well both large and
narrow widths, accounting for the fact that large cross section is excluded by 8 TeV diphoton searches [18, 21].
Therefore in the following we will not impose separate constraints on the total width of S. In the Table below
we give a summary of the relevant experimental bounds on the observables which can be a↵ected by S or
associated strong dynamics, derived [22] using 8 TeV [23–30] and 13TeV [31–34] LHC run data at 95%CL.

In the lower part of the table we presented the 2� bounds [35] on the e↵ective couplings of the Higgs to
gluons and photons hgg and h�� , normalized such that hgg = h�� = 1 in the Standard Model.

Another type of bounds are the constraints on directly produced new composite resonances, in particular for
the colored composite fermions the current bound is m⇢ & 0.8� 1 TeV [36–39], for the uncolored fermions &
0.1 � 0.4 TeV [43–45] and for the vectors & 2 TeV [46, 47]. In the latter case there is also a hint for a
signal [48, 49]. These bounds push the masses of new composite resonances other than S to MS and above,
which is in favour of our EFT approach.

• Higgs-scalar S mixing affects Higgs phenomenology. We concentrate on 
the effects which can be dominated by S.

•                       can show the effect of S for  

7

Let us now discuss in details the impact of the operators on the Higgs couplings measurements. Our goal
here is not to consider in details all the e↵ects of the Higgs compositeness. These e↵ects, marginalizing over
model-dependent assumptions about the underlying CH global symmetry structure, typically require ⇠ . 0.2,
which is a general restriction that we will impose in the following. Instead we will only consider explicitly the
observables whose deviations with respect to the SM predictions can be dominated by the operators induced
by the S-H mixing. Hence we will focus on Higgs interactions with photons and gluons.

In general the Higgs-gluon and Higgs-gamma interactions are a↵ected by several operators of our basis: di-
rectly by |H|2X2 (can be dominated by S-induced e↵ects), but also by @µ|H|2@µ|H|2 and q̄Hq|H2| (dominated
by the Higgs compositeness). In order to compare their impact we can normalize the Higgs field canonically

and integrate out the top quark. After this, the last two operators induce an operator ⇠ g2
X

(4⇡)2v2 ⇠|H|2X2 [7].
Comparing it to the S-mediated direct contribution from the table above, we conclude that the latter can be-
come dominant in the regime m⇢/MS & g⇢/yt, for generic or MC S. The resulting Higgs width deformations
are

e↵ect of generic scalar S [+MC] generic CH distortion
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where Ig ' �0.8, I� ' �1.8, J� ' 8. Both type of e↵ects apply to the generic and MC case, while the for
PNGB S only the generic CH distortions are relevant.

C. Experimental Data

The results of fits to 13 TeV �� excess did not show a decisive preference in favour of large or small S
width, hence for the �� signal cross section we will require �13

�� = 5.3± 3.1 fb which suits well both large and
narrow widths, accounting for the fact that large cross section is excluded by 8 TeV diphoton searches [22, 25].
Therefore in the following we will not impose separate constraints on the total width of S. In the Table below
we give a summary of the relevant experimental bounds on the observables which can be a↵ected by S or
associated strong dynamics, derived [26] using 8 TeV [27–34] and 13TeV [35–38] LHC run data at 95%CL.

parameter 8TeV 13TeV

��� < 1.5 fb

�ZZ < 12 fb < 200 fb

�WW < 40 fb < 300 fb

�Z� < 11 fb < 28 fb

�hh < 39 fb < 120 fb

�tt < 450 fb

�jj < 2.5 pb

h�� 1.0± 0.24

hgg 1.12± 0.24

In the lower part of the table we presented the 2� bounds [39] on the e↵ective couplings of the Higgs to
gluons and photons hgg and h�� , normalized such that hgg = h�� = 1 in the Standard Model. We will
use just this type of bounds since the main interest of our analysis is the S-mediated direct contribution
to the |H|2X2 operator. The -coe�cients can be related to the Higgs partial width modifications given in
Section IVB by h!XX = (1 + ��h!XX/�SM

h!XX)1/2.
Another type of bounds are the constraints on directly produced new composite resonances, in particular for

the colored composite fermions the current bound is m⇢ & 0.8� 1 TeV [40–43], for the uncolored fermions &
0.1 � 0.4 TeV [47–49] and for the vectors & 2 TeV [50, 51]. In the latter case there is also a hint for a

h ! gg/��

• Generic CH effects lead to 
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II. EFT FOR STRONGLY COUPLED UV COMPLETIONS

We start with the models which assume an existence of a new strongly coupled dynamics, which confines at
a certain scale f , not very far above the electroweak scale, and produces a set of composite resonances, one of
which is S. Such situation can generically occur in some theories attempting to address the gauge hierarchy
problem, such as for instance the Composite Higgs (CH) models [2, 3]. Following the idea presented in the
introduction, we will describe the e↵ect of the rest of strong dynamics using a version of naive dimensional
analysis (NDA) similar to those developed in [7, 8, 20], with a cuto↵ scale m⇢ and a coupling g⇢ ⇠ 1 � 4⇡,
related by m⇢ ⇠ g⇢f . m⇢ and g⇢ correspond to a typical mass and a coupling of the composite resonances.
Matching of these parameters to the parameters appearing in weakly coupled UV completions will be discussed
in Section III. Thus any operator generated by UV physics and involving S, the Higgs boson, SM fermions,
vectors or derivatives will have the following form

m2
⇢f

2

"
(Nf )

g2⇢
(4⇡)2

##L 
g

g⇢

�#g

S

f

�#S

H

f

�#H
"

g⇢q

m3/2
⇢

##q 
gA

m⇢

�#A


p

m⇢

�#p

(II.1)

where #L stands for a number of loops at which the operator is generated, #g for a number of weak (SM)
couplings associated to the elementary states running in the loops, and #S,H,q,A,p for a number of external
S, H, fermions, vector bosons or momenta insertions. Possible reasons for a loop suppression in the operator
include for instance need for elementary fields running in loops (see text below) or Minimal Coupling (MC)
assumption in the sense of [7, 8]. Nf is an enhancement factor of the loop-level operators, reflecting the
multiplicity of states running in a loop. Later on in Section III we will comment more on this point. The
power counting formula (II.1) only refers to the operators generated by the strong dynamics, hence does not
apply for instance to the elementary fields kinetic terms.

An important ingredient of the power counting is the assumptions about symmetry properties of the under-
lying theory. A simple example which will be useful in the following is a shift symmetry of the filed S, weakly
broken by an interaction with an elementary gauge field A. In such case any operator violating S ! S+const
has to involve the parameter which breaks the shift symmetry, i.e. the gauge field coupling strength, be
it associated to the explicit insertions of external fields (#A 6= 0), or to the A fields running in the loops
(#g 6= 0, #L 6= 0). We will present a detailed classification of the symmetry properties related to S in the
next section. As for the Higgs boson, we will concentrate on a well motivated option where it is realized as a
pseudo-Nambu-Goldstone boson (PNGB). For detailed reviews of composite PNGB Higgs we refer the reader
for instance to Ref.s [4–6]. In brief, the Higgs is assumed to arise as a Goldstone boson of a spontaneously
broken strong sector flavour symmetry, which is also weakly broken in an explicit way by the linear mixings
between the strong sector operators and the fermions and gauge bosons of the Standard Model, which are
assumed to be elementary. This type of explicit breaking, usually referred to as Partial Compositeness mech-
anism, is also responsible for generating the SM fermions masses. Hence the largest breaking of the Goldstone
symmetry is typically proportional to the top quark Yukawa coupling. A key parameter of CH models is a
ratio of the electroweak symmetry breaking scale v = 246 GeV to the strong sector global symmetry breaking
scale f , ⇠ = v2/f2, which defines the size of the Higgs couplings deformations with respect to the SM predic-
tions [10, 11]. ⇠ is naturally expected to be of order one, but is already restricted to ⇠ . 0.2 [12, 39], hence
pointing at a certain level of tuning.

III. MATCHING TO LARGE-N THEORIES AND N-SITE MODELS

In this section we simplistically describe two well-known classes of models, which obey the power counting
rules presented in Section II. A reader not interested in technical details behind the formula (II.1) can skip
this section. The first class is confining SU(N) or SO(N) gauge theories with large N and a number of hyper-
fermion generations Nf . For this kind of theories one can identify a regime in which all orders in the gauge

coupling gS expansion of the amplitudes become of the same size, namely N g2
S

16⇡2 ⇠ 1. Hence the size of whole
infinite sums can be estimated from their scaling with N , which is the same as for the leading order diagram.
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FIG. 2: Left panel: characteristic features of S realized as a generic scalar, in m⇢-g⇢ plane, for a default set of
operator coe�cients (|ki| = 1, signs are chosen to minimise the impact of experimental bounds): total decay width
(blue lines, in GeV), BR(S ! gg) (orange dashed), BR(S ! tt) (red dashed) and a region where the 13TeV ��

excess cross-section can be reproduced (green). Right panel: constraints for the case of generic scalar, in terms of m⇢

and g⇢, with k� = 1/3 and |ki| = 1 for the rest of coe�cients. The 13 TeV signal can be reproduced without conflict
with other observables in green regions, while in other colored regions one finds a conflict with tt (yellow), �� (red)
or the S ! ZZ,WW,hh (orange) constraints. Grey dashed contours show the values of ⇠ = v2/f2, grey dashed area
corresponds to ⇠ > 0.2. Lower panel: allowed regions in the case of MC scalar, for di↵erent values of N (g)

f as written
on the plot.

applied to them. Therefore we find that the scenario is only allowed in a region of cancellation of the two
contributions to the S ! HH amplitude. In addition, we need to impose kg < 1 in order to overcome the
h ! gg bound, and moderately relax other constraints. We find that for kg = 1/3 there exists a small allowed
region around m⇢ = 3.5�4.5 TeV and ⇠ = 0.05�0.1, as can be seen on the left panel of Fig. 2. Corresponding
S total width is �S ⇠ 1 GeV. We hence conclude that this scenario is unlikely since besides the cancellation
in S ! HH is requires a significant additional tuning ⇠ M2

S/m2
⇢.

b. generic scalar with MC. The di↵erence of Minimally Coupled scenario with respect to the previous is
a possibility to have smaller couplings of S with photons and gluons. All the discussion of the cross-sections
features made for a generic case hence apply, up to a substitution

kg,� ! kg,�N (g,�)
f

g2⇢
(4⇡)2

(IV.4)

This means that for maximal N (g,�)
f ⇠ (4⇡)2/g2⇢ we will approach to the generic scalar case, which is dis-

favoured in most part of the parameter space, but on the other hand by choosing N (g)
f smaller than maximal

we can naturally overcome the experimental bounds, as would happen for kg ⌧ 1 in the generic scalar model.
The results for this scenario are presented on the lower panel of Fig. 2. We plot the allowed regions varying

 Scalar

��

ZZ

tt
H data

allowed

M2
S/m

2
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parameter 8TeV 13TeV

��� < 1.5 fb

�ZZ < 12 fb < 200 fb

�WW < 40 fb < 300 fb

�Z� < 11 fb < 28 fb

�hh < 39 fb < 120 fb

�tt < 450 fb

�jj < 2.5 pb

h�� 1.0± 0.24

hgg 1.12± 0.24

D. Bounds

In this section we present the constraints imposed by the experimental data on each scenario. Here our
main focus will be on understanding the general dependence of the di↵erent S signals of the parameters of
each of the presented models. This will allow us to single out the most viable scenarios, whose parameter
space will be further explored by performing a numerical scan in the following section. The application of the
bounds on di↵erent on-shell S-mediated processes is straightforward, but when it comes to the cases when
S can induce sizeable deviations of the Higgs couplings, one is often able to find combinations of size and
signs of order-1 operator coe�cients which both allow or disallow a given parameter space point. Aiming at
presenting conservative bounds, we will compute the Higgs couplings deviations as a di↵erence between the S
and generic CH contributions. In addition, the connection to the Higgs physics will be reflected by presenting
the values of ⇠ = v2/f2, which is both the measure of typical Composite Higgs couplings deformations and
the degree of tuning of the Higgs sector. In the following section, instead, while performing a scan over all
the parameter values, we will be able to see what are the maximal deviations allowed by each scenario.

a. generic scalar. The main constraint comes from the operators S|DµH|2 and S|H|2. The first one
induces the S decays to the Higgs and massive electroweak gauge bosons, with a typical rate far above
the allowed limits, while the second one leads to an excessive modification of the Higgs coupling to gluons.
Moreover, there is a slight overproduction of tt̄ final states. In order to proceed with the analysis of a generic
scalar, let us first understand the general parametric behaviour of the relevant cross-sections, which will also
be useful when we switch to the next scenarios. Leaving aside all the parameters but f , g⇢ and k-coe�cients
we obtain the following dependences

�13
�� ⇠ �gg���

�HH + �tt
⇠ k2

g

(k2
H + k2

t )

1

g4⇢f
2

k2
�

g4⇢
, (IV.1)

�8
HH/tt ⇠ �gg�HH/tt

�HH + �tt
⇠ k2

g

(k2
H + k2

t )

1

g4⇢f
2
k2
H/t , (IV.2)

where we neglected small contributions of ��� and �gg to the total width (see right panel of Fig. 2 for BR’s
of S), and �HH stands for a partial decay width into massive EW bosons and the Higgs. We need to find
a parameter region where the HH and tt cross-sections become small while the digamma 13 TeV signal
cross-section remains fixed. This means that the ratio

�13
��/�8

V V ⇠ k2
�

k2
H/t

1

g4⇢
(IV.3)

has to increase, which can be achieved by increase of k� , decrease of kH/t or decrease of g⇢. The last possibility,
i.e. moving the digamma signal to the region with a smaller values of g⇢, can be realized by increasing f
or decreasing kg as can be seen from Eq. (IV.1). We see that all the modifications listed above are limited
in the generic scalar case, and therefore can only lead to slight improvements. Indeed, all the k-coe�cients
are expected to be O(1), and f ’s preferred region is defined by ⇠ ⇠ 0.1 and no significant changes can be
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FIG. 2: Left panel: characteristic features of S realized as a generic scalar, in m⇢-g⇢ plane, for a default set of
operator coe�cients (|ki| = 1, signs are chosen to minimise the impact of experimental bounds): total decay width
(blue lines, in GeV), BR(S ! gg) (orange dashed), BR(S ! tt) (red dashed) and a region where the 13TeV ��

excess cross-section can be reproduced (green). Right panel: constraints for the case of generic scalar, in terms of m⇢

and g⇢, with k� = 1/3 and |ki| = 1 for the rest of coe�cients. The 13 TeV signal can be reproduced without conflict
with other observables in green regions, while in other colored regions one finds a conflict with tt (yellow), �� (red)
or the S ! ZZ,WW,hh (orange) constraints. Grey dashed contours show the values of ⇠ = v2/f2, grey dashed area
corresponds to ⇠ > 0.2. Lower panel: allowed regions in the case of MC scalar, for di↵erent values of N (g)

f as written
on the plot.

applied to them. Therefore we find that the scenario is only allowed in a region of cancellation of the two
contributions to the S ! HH amplitude. In addition, we need to impose kg < 1 in order to overcome the
h ! gg bound, and moderately relax other constraints. We find that for kg = 1/3 there exists a small allowed
region around m⇢ = 3.5�4.5 TeV and ⇠ = 0.05�0.1, as can be seen on the left panel of Fig. 2. Corresponding
S total width is �S ⇠ 1 GeV. We hence conclude that this scenario is unlikely since besides the cancellation
in S ! HH is requires a significant additional tuning ⇠ M2

S/m2
⇢.

b. generic scalar with MC. The di↵erence of Minimally Coupled scenario with respect to the previous is
a possibility to have smaller couplings of S with photons and gluons. All the discussion of the cross-sections
features made for a generic case hence apply, up to a substitution

kg,� ! kg,�N (g,�)
f

g2⇢
(4⇡)2

(IV.4)

This means that for maximal N (g,�)
f ⇠ (4⇡)2/g2⇢ we will approach to the generic scalar case, which is dis-

favoured in most part of the parameter space, but on the other hand by choosing N (g)
f smaller than maximal

we can naturally overcome the experimental bounds, as would happen for kg ⌧ 1 in the generic scalar model.
The results for this scenario are presented on the lower panel of Fig. 2. We plot the allowed regions varying
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parameter 8TeV 13TeV

��� < 1.5 fb

�ZZ < 12 fb < 200 fb

�WW < 40 fb < 300 fb

�Z� < 11 fb < 28 fb

�hh < 39 fb < 120 fb

�tt < 450 fb

�jj < 2.5 pb

h�� 1.0± 0.24

hgg 1.12± 0.24

D. Bounds

In this section we present the constraints imposed by the experimental data on each scenario. Here our
main focus will be on understanding the general dependence of the di↵erent S signals of the parameters of
each of the presented models. This will allow us to single out the most viable scenarios, whose parameter
space will be further explored by performing a numerical scan in the following section. The application of the
bounds on di↵erent on-shell S-mediated processes is straightforward, but when it comes to the cases when
S can induce sizeable deviations of the Higgs couplings, one is often able to find combinations of size and
signs of order-1 operator coe�cients which both allow or disallow a given parameter space point. Aiming at
presenting conservative bounds, we will compute the Higgs couplings deviations as a di↵erence between the S
and generic CH contributions. In addition, the connection to the Higgs physics will be reflected by presenting
the values of ⇠ = v2/f2, which is both the measure of typical Composite Higgs couplings deformations and
the degree of tuning of the Higgs sector. In the following section, instead, while performing a scan over all
the parameter values, we will be able to see what are the maximal deviations allowed by each scenario.

a. generic scalar. The main constraint comes from the operators S|DµH|2 and S|H|2. The first one
induces the S decays to the Higgs and massive electroweak gauge bosons, with a typical rate far above
the allowed limits, while the second one leads to an excessive modification of the Higgs coupling to gluons.
Moreover, there is a slight overproduction of tt̄ final states. In order to proceed with the analysis of a generic
scalar, let us first understand the general parametric behaviour of the relevant cross-sections, which will also
be useful when we switch to the next scenarios. Leaving aside all the parameters but f , g⇢ and k-coe�cients
we obtain the following dependences
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where we neglected small contributions of ��� and �gg to the total width (see right panel of Fig. 2 for BR’s
of S), and �HH stands for a partial decay width into massive EW bosons and the Higgs. We need to find
a parameter region where the HH and tt cross-sections become small while the digamma 13 TeV signal
cross-section remains fixed. This means that the ratio

�13
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g4⇢
(IV.3)

has to increase, which can be achieved by increase of k� , decrease of kH/t or decrease of g⇢. The last possibility,
i.e. moving the digamma signal to the region with a smaller values of g⇢, can be realized by increasing f
or decreasing kg as can be seen from Eq. (IV.1). We see that all the modifications listed above are limited
in the generic scalar case, and therefore can only lead to slight improvements. Indeed, all the k-coe�cients
are expected to be O(1), and f ’s preferred region is defined by ⇠ ⇠ 0.1 and no significant changes can be
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FIG. 2: Left panel: characteristic features of S realized as a generic scalar, in m⇢-g⇢ plane, for a default set of
operator coe�cients (|ki| = 1, signs are chosen to minimise the impact of experimental bounds): total decay width
(blue lines, in GeV), BR(S ! gg) (orange dashed), BR(S ! tt) (red dashed) and a region where the 13TeV ��

excess cross-section can be reproduced (green). Right panel: constraints for the case of generic scalar, in terms of m⇢

and g⇢, with k� = 1/3 and |ki| = 1 for the rest of coe�cients. The 13 TeV signal can be reproduced without conflict
with other observables in green regions, while in other colored regions one finds a conflict with tt (yellow), �� (red)
or the S ! ZZ,WW,hh (orange) constraints. Grey dashed contours show the values of ⇠ = v2/f2, grey dashed area
corresponds to ⇠ > 0.2. Lower panel: allowed regions in the case of MC scalar, for di↵erent values of N (g)

f as written
on the plot.

applied to them. Therefore we find that the scenario is only allowed in a region of cancellation of the two
contributions to the S ! HH amplitude. In addition, we need to impose kg < 1 in order to overcome the
h ! gg bound, and moderately relax other constraints. We find that for kg = 1/3 there exists a small allowed
region around m⇢ = 3.5�4.5 TeV and ⇠ = 0.05�0.1, as can be seen on the left panel of Fig. 2. Corresponding
S total width is �S ⇠ 1 GeV. We hence conclude that this scenario is unlikely since besides the cancellation
in S ! HH is requires a significant additional tuning ⇠ M2

S/m2
⇢.

b. generic scalar with MC. The di↵erence of Minimally Coupled scenario with respect to the previous is
a possibility to have smaller couplings of S with photons and gluons. All the discussion of the cross-sections
features made for a generic case hence apply, up to a substitution

kg,� ! kg,�N (g,�)
f

g2⇢
(4⇡)2

(IV.4)

This means that for maximal N (g,�)
f ⇠ (4⇡)2/g2⇢ we will approach to the generic scalar case, which is dis-

favoured in most part of the parameter space, but on the other hand by choosing N (g)
f smaller than maximal

we can naturally overcome the experimental bounds, as would happen for kg ⌧ 1 in the generic scalar model.
The results for this scenario are presented on the lower panel of Fig. 2. We plot the allowed regions varying
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parameter 8TeV 13TeV

��� < 1.5 fb

�ZZ < 12 fb < 200 fb

�WW < 40 fb < 300 fb

�Z� < 11 fb < 28 fb

�hh < 39 fb < 120 fb

�tt < 450 fb

�jj < 2.5 pb

h�� 1.0± 0.24

hgg 1.12± 0.24

D. Bounds

In this section we present the constraints imposed by the experimental data on each scenario. Here our
main focus will be on understanding the general dependence of the di↵erent S signals of the parameters of
each of the presented models. This will allow us to single out the most viable scenarios, whose parameter
space will be further explored by performing a numerical scan in the following section. The application of the
bounds on di↵erent on-shell S-mediated processes is straightforward, but when it comes to the cases when
S can induce sizeable deviations of the Higgs couplings, one is often able to find combinations of size and
signs of order-1 operator coe�cients which both allow or disallow a given parameter space point. Aiming at
presenting conservative bounds, we will compute the Higgs couplings deviations as a di↵erence between the S
and generic CH contributions. In addition, the connection to the Higgs physics will be reflected by presenting
the values of ⇠ = v2/f2, which is both the measure of typical Composite Higgs couplings deformations and
the degree of tuning of the Higgs sector. In the following section, instead, while performing a scan over all
the parameter values, we will be able to see what are the maximal deviations allowed by each scenario.

a. generic scalar. The main constraint comes from the operators S|DµH|2 and S|H|2. The first one
induces the S decays to the Higgs and massive electroweak gauge bosons, with a typical rate far above
the allowed limits, while the second one leads to an excessive modification of the Higgs coupling to gluons.
Moreover, there is a slight overproduction of tt̄ final states. In order to proceed with the analysis of a generic
scalar, let us first understand the general parametric behaviour of the relevant cross-sections, which will also
be useful when we switch to the next scenarios. Leaving aside all the parameters but f , g⇢ and k-coe�cients
we obtain the following dependences

�13
�� ⇠ �gg���

�HH + �tt
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g

(k2
H + k2

t )

1

g4⇢f
2
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g

(k2
H + k2
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1

g4⇢f
2
k2
H/t , (IV.2)

where we neglected small contributions of ��� and �gg to the total width (see right panel of Fig. 2 for BR’s
of S), and �HH stands for a partial decay width into massive EW bosons and the Higgs. We need to find
a parameter region where the HH and tt cross-sections become small while the digamma 13 TeV signal
cross-section remains fixed. This means that the ratio

�13
��/�8

V V ⇠ k2
�

k2
H/t

1

g4⇢
(IV.3)

has to increase, which can be achieved by increase of k� , decrease of kH/t or decrease of g⇢. The last possibility,
i.e. moving the digamma signal to the region with a smaller values of g⇢, can be realized by increasing f
or decreasing kg as can be seen from Eq. (IV.1). We see that all the modifications listed above are limited
in the generic scalar case, and therefore can only lead to slight improvements. Indeed, all the k-coe�cients
are expected to be O(1), and f ’s preferred region is defined by ⇠ ⇠ 0.1 and no significant changes can be
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FIG. 2: Left panel: characteristic features of S realized as a generic scalar, in m⇢-g⇢ plane, for a default set of
operator coe�cients (|ki| = 1, signs are chosen to minimise the impact of experimental bounds): total decay width
(blue lines, in GeV), BR(S ! gg) (orange dashed), BR(S ! tt) (red dashed) and a region where the 13TeV ��

excess cross-section can be reproduced (green). Right panel: constraints for the case of generic scalar, in terms of m⇢

and g⇢, with k� = 1/3 and |ki| = 1 for the rest of coe�cients. The 13 TeV signal can be reproduced without conflict
with other observables in green regions, while in other colored regions one finds a conflict with tt (yellow), �� (red)
or the S ! ZZ,WW,hh (orange) constraints. Grey dashed contours show the values of ⇠ = v2/f2, grey dashed area
corresponds to ⇠ > 0.2. Lower panel: allowed regions in the case of MC scalar, for di↵erent values of N (g)

f as written
on the plot.

applied to them. Therefore we find that the scenario is only allowed in a region of cancellation of the two
contributions to the S ! HH amplitude. In addition, we need to impose kg < 1 in order to overcome the
h ! gg bound, and moderately relax other constraints. We find that for kg = 1/3 there exists a small allowed
region around m⇢ = 3.5�4.5 TeV and ⇠ = 0.05�0.1, as can be seen on the left panel of Fig. 2. Corresponding
S total width is �S ⇠ 1 GeV. We hence conclude that this scenario is unlikely since besides the cancellation
in S ! HH is requires a significant additional tuning ⇠ M2

S/m2
⇢.

b. generic scalar with MC. The di↵erence of Minimally Coupled scenario with respect to the previous is
a possibility to have smaller couplings of S with photons and gluons. All the discussion of the cross-sections
features made for a generic case hence apply, up to a substitution

kg,� ! kg,�N (g,�)
f

g2⇢
(4⇡)2

(IV.4)

This means that for maximal N (g,�)
f ⇠ (4⇡)2/g2⇢ we will approach to the generic scalar case, which is dis-

favoured in most part of the parameter space, but on the other hand by choosing N (g)
f smaller than maximal

we can naturally overcome the experimental bounds, as would happen for kg ⌧ 1 in the generic scalar model.
The results for this scenario are presented on the lower panel of Fig. 2. We plot the allowed regions varying

 Scalar
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7

parameter 8TeV 13TeV

��� < 1.5 fb

�ZZ < 12 fb < 200 fb

�WW < 40 fb < 300 fb

�Z� < 11 fb < 28 fb

�hh < 39 fb < 120 fb

�tt < 450 fb

�jj < 2.5 pb

h�� 1.0± 0.24

hgg 1.12± 0.24

In the lower part of the table we presented the 2� bounds [35] on the e↵ective couplings of the Higgs to
gluons and photons hgg and h�� , normalized such that hgg = h�� = 1 in the Standard Model.

Another type of bounds are the constraints on directly produced new composite resonances, in particular for
the colored composite fermions the current bound is m⇢ & 0.8� 1 TeV [36–39], for the uncolored fermions &
0.1 � 0.4 TeV [43–45] and for the vectors & 2 TeV [46, 47]. In the latter case there is also a hint for a
signal [48, 49]. These bounds push the masses of new composite resonances other than S to MS and above,
which is in favour of our EFT approach.

D. Bounds

In this section we present the constraints imposed by the experimental data on each scenario. Here our
main focus will be on understanding the general dependence of the di↵erent S signals of the parameters of
each of the presented models. This will allow us to single out the most viable scenarios, whose parameter
space will be further explored by performing a numerical scan in the following section. The application of the
bounds on di↵erent on-shell S-mediated processes is straightforward, but when it comes to the cases when
S can induce sizeable deviations of the Higgs couplings, one is often able to find combinations of size and
signs of order-1 operator coe�cients which both allow or disallow a given parameter space point. Aiming at
presenting conservative bounds, we will compute the Higgs couplings deviations as a di↵erence between the S
and generic CH contributions. In addition, the connection to the Higgs physics will be reflected by presenting
the values of ⇠ = v2/f2, which is both the measure of typical Composite Higgs couplings deformations and
the degree of tuning of the Higgs sector. In the following section, instead, while performing a scan over all
the parameter values, we will be able to see what are the maximal deviations allowed by each scenario.

a. generic scalar. The main constraint comes from the operators S|DµH|2 and S|H|2. The first one
induces the S decays to the Higgs and massive electroweak gauge bosons, with a typical rate far above
the allowed limits, while the second one leads to an excessive modification of the Higgs coupling to gluons.
Moreover, there is a slight overproduction of tt̄ final states. In order to proceed with the analysis of a generic
scalar, let us first understand the general parametric behaviour of the relevant cross-sections, which will also
be useful when we switch to the next scenarios. Leaving aside all the parameters but f , g⇢ and k-coe�cients
we obtain the following dependences

�13
�� ⇠ �gg���

�HH + �tt
⇠ k2g

(k2H + k2t )

1

g4⇢f
2

k2�
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where we neglected small contributions of ��� and �gg to the total width (see right panel of Fig. 2 for BR’s
of S), and �HH stands for a partial decay width into massive EW bosons and the Higgs. We need to find
a parameter region where the HH and tt cross-sections become small while the digamma 13 TeV signal

g⇢



• generic case has strong tension 
with SVV (can be tuned) and with a 
Higgs data, in addition 

8

Parametric Analysis

7

parameter 8TeV 13TeV
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�WW < 40 fb < 300 fb

�Z� < 11 fb < 28 fb

�hh < 39 fb < 120 fb

�tt < 450 fb

�jj < 2.5 pb

h�� 1.0± 0.24

hgg 1.12± 0.24

D. Bounds

In this section we present the constraints imposed by the experimental data on each scenario. Here our
main focus will be on understanding the general dependence of the di↵erent S signals of the parameters of
each of the presented models. This will allow us to single out the most viable scenarios, whose parameter
space will be further explored by performing a numerical scan in the following section. The application of the
bounds on di↵erent on-shell S-mediated processes is straightforward, but when it comes to the cases when
S can induce sizeable deviations of the Higgs couplings, one is often able to find combinations of size and
signs of order-1 operator coe�cients which both allow or disallow a given parameter space point. Aiming at
presenting conservative bounds, we will compute the Higgs couplings deviations as a di↵erence between the S
and generic CH contributions. In addition, the connection to the Higgs physics will be reflected by presenting
the values of ⇠ = v2/f2, which is both the measure of typical Composite Higgs couplings deformations and
the degree of tuning of the Higgs sector. In the following section, instead, while performing a scan over all
the parameter values, we will be able to see what are the maximal deviations allowed by each scenario.

a. generic scalar. The main constraint comes from the operators S|DµH|2 and S|H|2. The first one
induces the S decays to the Higgs and massive electroweak gauge bosons, with a typical rate far above
the allowed limits, while the second one leads to an excessive modification of the Higgs coupling to gluons.
Moreover, there is a slight overproduction of tt̄ final states. In order to proceed with the analysis of a generic
scalar, let us first understand the general parametric behaviour of the relevant cross-sections, which will also
be useful when we switch to the next scenarios. Leaving aside all the parameters but f , g⇢ and k-coe�cients
we obtain the following dependences
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where we neglected small contributions of ��� and �gg to the total width (see right panel of Fig. 2 for BR’s
of S), and �HH stands for a partial decay width into massive EW bosons and the Higgs. We need to find
a parameter region where the HH and tt cross-sections become small while the digamma 13 TeV signal
cross-section remains fixed. This means that the ratio

�13
��/�8

V V ⇠ k2
�

k2
H/t

1

g4⇢
(IV.3)

has to increase, which can be achieved by increase of k� , decrease of kH/t or decrease of g⇢. The last possibility,
i.e. moving the digamma signal to the region with a smaller values of g⇢, can be realized by increasing f
or decreasing kg as can be seen from Eq. (IV.1). We see that all the modifications listed above are limited
in the generic scalar case, and therefore can only lead to slight improvements. Indeed, all the k-coe�cients
are expected to be O(1), and f ’s preferred region is defined by ⇠ ⇠ 0.1 and no significant changes can be
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FIG. 2: Left panel: characteristic features of S realized as a generic scalar, in m⇢-g⇢ plane, for a default set of
operator coe�cients (|ki| = 1, signs are chosen to minimise the impact of experimental bounds): total decay width
(blue lines, in GeV), BR(S ! gg) (orange dashed), BR(S ! tt) (red dashed) and a region where the 13TeV ��

excess cross-section can be reproduced (green). Right panel: constraints for the case of generic scalar, in terms of m⇢

and g⇢, with k� = 1/3 and |ki| = 1 for the rest of coe�cients. The 13 TeV signal can be reproduced without conflict
with other observables in green regions, while in other colored regions one finds a conflict with tt (yellow), �� (red)
or the S ! ZZ,WW,hh (orange) constraints. Grey dashed contours show the values of ⇠ = v2/f2, grey dashed area
corresponds to ⇠ > 0.2. Lower panel: allowed regions in the case of MC scalar, for di↵erent values of N (g)

f as written
on the plot.

applied to them. Therefore we find that the scenario is only allowed in a region of cancellation of the two
contributions to the S ! HH amplitude. In addition, we need to impose kg < 1 in order to overcome the
h ! gg bound, and moderately relax other constraints. We find that for kg = 1/3 there exists a small allowed
region around m⇢ = 3.5�4.5 TeV and ⇠ = 0.05�0.1, as can be seen on the left panel of Fig. 2. Corresponding
S total width is �S ⇠ 1 GeV. We hence conclude that this scenario is unlikely since besides the cancellation
in S ! HH is requires a significant additional tuning ⇠ M2

S/m2
⇢.

b. generic scalar with MC. The di↵erence of Minimally Coupled scenario with respect to the previous is
a possibility to have smaller couplings of S with photons and gluons. All the discussion of the cross-sections
features made for a generic case hence apply, up to a substitution

kg,� ! kg,�N (g,�)
f

g2⇢
(4⇡)2

(IV.4)

This means that for maximal N (g,�)
f ⇠ (4⇡)2/g2⇢ we will approach to the generic scalar case, which is dis-

favoured in most part of the parameter space, but on the other hand by choosing N (g)
f smaller than maximal

we can naturally overcome the experimental bounds, as would happen for kg ⌧ 1 in the generic scalar model.
The results for this scenario are presented on the lower panel of Fig. 2. We plot the allowed regions varying
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�Z� < 11 fb < 28 fb

�hh < 39 fb < 120 fb

�tt < 450 fb

�jj < 2.5 pb

h�� 1.0± 0.24

hgg 1.12± 0.24

In the lower part of the table we presented the 2� bounds [35] on the e↵ective couplings of the Higgs to
gluons and photons hgg and h�� , normalized such that hgg = h�� = 1 in the Standard Model.

Another type of bounds are the constraints on directly produced new composite resonances, in particular for
the colored composite fermions the current bound is m⇢ & 0.8� 1 TeV [36–39], for the uncolored fermions &
0.1 � 0.4 TeV [43–45] and for the vectors & 2 TeV [46, 47]. In the latter case there is also a hint for a
signal [48, 49]. These bounds push the masses of new composite resonances other than S to MS and above,
which is in favour of our EFT approach.

D. Bounds

In this section we present the constraints imposed by the experimental data on each scenario. Here our
main focus will be on understanding the general dependence of the di↵erent S signals of the parameters of
each of the presented models. This will allow us to single out the most viable scenarios, whose parameter
space will be further explored by performing a numerical scan in the following section. The application of the
bounds on di↵erent on-shell S-mediated processes is straightforward, but when it comes to the cases when
S can induce sizeable deviations of the Higgs couplings, one is often able to find combinations of size and
signs of order-1 operator coe�cients which both allow or disallow a given parameter space point. Aiming at
presenting conservative bounds, we will compute the Higgs couplings deviations as a di↵erence between the S
and generic CH contributions. In addition, the connection to the Higgs physics will be reflected by presenting
the values of ⇠ = v2/f2, which is both the measure of typical Composite Higgs couplings deformations and
the degree of tuning of the Higgs sector. In the following section, instead, while performing a scan over all
the parameter values, we will be able to see what are the maximal deviations allowed by each scenario.

a. generic scalar. The main constraint comes from the operators S|DµH|2 and S|H|2. The first one
induces the S decays to the Higgs and massive electroweak gauge bosons, with a typical rate far above
the allowed limits, while the second one leads to an excessive modification of the Higgs coupling to gluons.
Moreover, there is a slight overproduction of tt̄ final states. In order to proceed with the analysis of a generic
scalar, let us first understand the general parametric behaviour of the relevant cross-sections, which will also
be useful when we switch to the next scenarios. Leaving aside all the parameters but f , g⇢ and k-coe�cients
we obtain the following dependences
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where we neglected small contributions of ��� and �gg to the total width (see right panel of Fig. 2 for BR’s
of S), and �HH stands for a partial decay width into massive EW bosons and the Higgs. We need to find
a parameter region where the HH and tt cross-sections become small while the digamma 13 TeV signal

kg ! kgN
(g)
f

g2⇢
(4⇡)2

g⇢

• realized in a loop suppression scenario3

S
S

�

�

�

�

FIG. 1: Example of diagrams generating the SFµ⌫F
µ⌫ coupling at loop level, in terms of hypothetical hyperquark

constituents of S (on the left) and in terms of their bound states (on the right).

III. MATCHING TO LARGE-N THEORIES AND N-SITE MODELS

In this section we simplistically describe two well-known classes of models, which obey the power counting
rules presented in Section II. A reader not interested in technical details behind the formula (II.1) can skip
this section. The first class is confining SU(N) or SO(N) gauge theories with large N and a number of hyper-
fermion generations Nf . For this kind of theories one can identify a regime in which all orders in the gauge

coupling gS expansion of the amplitudes become of the same size, namely N g2
S

16⇡2 ⇠ 1. Hence the size of whole
infinite sums can be estimated from their scaling with N , which is the same as for the leading order diagram.
In each order of the gS expansion the leading diagrams are those which di↵er from the LO one by insertions
of gluon propagators, as the gluons carry two color indices and hence can bring maximal N -enhancement.
Assuming that this regime plays a dominant role in the dynamics of the bound states (hyperhadrons), one can
use the N -dependence to extract the quantitative information about the behaviour of di↵erent hyperhadron
states, including their masses and interaction strengths. The couplings of hypermeson states obey

g⇢ ' 4⇡p
N

(III.1)

while their mass m⇢ is independent on N [14–16]. From the chosen notation is obvious how these parameters
directly match on those of Eq. (II.1), and so do the power counting rules concerning insertions of external
fields, momenta, couplings and masses.
Any process whose diagram includes a closed fermionic line has to be suppressed by N with respect to

those which do not include it. This can be seen from the mentioned fact that in the regime N g2
S

16⇡2 ⇠ 1 the
dominant gluon loops do not bring any suppression, hence a loop of fermions, which carry one color index less,

is down by a factor of N . From the identification (III.1), a 1/N suppression equals to
g2
⇢

16⇡2 , corresponding to
a loop factor in the formula (II.1). An example of this suppression at work for QCD physics is the Zweig rule.
Analogous suppression can show up in the coupling of hypermeson S to gauge fields strengths if, for instance,
the hyperfermion constituents of S are SM-neutral, hence in order to couple S so SM gauge fields one needs
to produce a pair of other hyperfermion flavour, charged under SM. This example situation is represented
graphically on Fig. 1, note the analogy with a process induced by a loop of hypermesons charged under SM.
The closed fermionic lines can however be enhanced by a multiplicity of hyperfermions, hence a factor Nf

in Eq. (II.1). Staying within a region of applicability of large-N expansion, Nf < N , which also ensures
confinement, one can conclude that the relations for the hypermeson masses and couplings identified above
are not a↵ected by NF [17]. The Nf enhancement of fermionic loop does not have to be the case if the
loop involves flavour-breaking couplings. For instance, under assumption of partial compositeness for the top
quark, the coupling of the latter breaks the strong sector flavour symmetry. E.g. in the minimal composite
Higgs models the flavour group is SO(5), and strong sector operators in its fundamental representation couple
dominantly to the top quark, which fills only one (tR) or two (qL) components of the five needed to preserve
SO(5). This explains why the loop-induced processes involving yt, such as a mass of S when it is realized as
a PNGB, or SF 2 operator are just enhanced by the number of QCD colors and not the total multiplicity Nf .
The second example we want to consider is deconstructed (or N-site) models, which in addition will allow

Aµ

Aµ

S
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FIG. 2: Left panel: characteristic features of S realized as a generic scalar, in m⇢-g⇢ plane, for a default set of
operator coe�cients (|ki| = 1, signs are chosen to minimise the impact of experimental bounds): total decay width
(blue lines, in GeV), BR(S ! gg) (orange dashed), BR(S ! tt) (red dashed) and a region where the 13TeV ��

excess cross-section can be reproduced (green). Right panel: constraints for the case of generic scalar, in terms of m⇢

and g⇢, with k� = 1/3 and |ki| = 1 for the rest of coe�cients. The 13 TeV signal can be reproduced without conflict
with other observables in green regions, while in other colored regions one finds a conflict with tt (yellow), �� (red)
or the S ! ZZ,WW,hh (orange) constraints. Grey dashed contours show the values of ⇠ = v2/f2, grey dashed area
corresponds to ⇠ > 0.2. Lower panel: allowed regions in the case of MC scalar, for di↵erent values of N (g)

f as written
on the plot.

applied to them. Therefore we find that the scenario is only allowed in a region of cancellation of the two
contributions to the S ! HH amplitude. In addition, we need to impose kg < 1 in order to overcome the
h ! gg bound, and moderately relax other constraints. We find that for kg = 1/3 there exists a small allowed
region around m⇢ = 3.5�4.5 TeV and ⇠ = 0.05�0.1, as can be seen on the left panel of Fig. 2. Corresponding
S total width is �S ⇠ 1 GeV. We hence conclude that this scenario is unlikely since besides the cancellation
in S ! HH is requires a significant additional tuning ⇠ M2

S/m2
⇢.

b. generic scalar with MC. The di↵erence of Minimally Coupled scenario with respect to the previous is
a possibility to have smaller couplings of S with photons and gluons. All the discussion of the cross-sections
features made for a generic case hence apply, up to a substitution

kg,� ! kg,�N (g,�)
f

g2⇢
(4⇡)2

(IV.4)

This means that for maximal N (g,�)
f ⇠ (4⇡)2/g2⇢ we will approach to the generic scalar case, which is dis-

favoured in most part of the parameter space, but on the other hand by choosing N (g)
f smaller than maximal

we can naturally overcome the experimental bounds, as would happen for kg ⌧ 1 in the generic scalar model.
The results for this scenario are presented on the lower panel of Fig. 2. We plot the allowed regions varying

 Scalar

��

ZZ

tt

• a necessary and sufficient condition is a        reduction achieved by 
lowering S-gluons coupling

7

parameter 8TeV 13TeV

��� < 1.5 fb

�ZZ < 12 fb < 200 fb

�WW < 40 fb < 300 fb

�Z� < 11 fb < 28 fb

�hh < 39 fb < 120 fb

�tt < 450 fb

�jj < 2.5 pb

h�� 1.0± 0.24

hgg 1.12± 0.24

In the lower part of the table we presented the 2� bounds [35] on the e↵ective couplings of the Higgs to
gluons and photons hgg and h�� , normalized such that hgg = h�� = 1 in the Standard Model.

Another type of bounds are the constraints on directly produced new composite resonances, in particular for
the colored composite fermions the current bound is m⇢ & 0.8� 1 TeV [36–39], for the uncolored fermions &
0.1 � 0.4 TeV [43–45] and for the vectors & 2 TeV [46, 47]. In the latter case there is also a hint for a
signal [48, 49]. These bounds push the masses of new composite resonances other than S to MS and above,
which is in favour of our EFT approach.

D. Bounds

In this section we present the constraints imposed by the experimental data on each scenario. Here our
main focus will be on understanding the general dependence of the di↵erent S signals of the parameters of
each of the presented models. This will allow us to single out the most viable scenarios, whose parameter
space will be further explored by performing a numerical scan in the following section. The application of the
bounds on di↵erent on-shell S-mediated processes is straightforward, but when it comes to the cases when
S can induce sizeable deviations of the Higgs couplings, one is often able to find combinations of size and
signs of order-1 operator coe�cients which both allow or disallow a given parameter space point. Aiming at
presenting conservative bounds, we will compute the Higgs couplings deviations as a di↵erence between the S
and generic CH contributions. In addition, the connection to the Higgs physics will be reflected by presenting
the values of ⇠ = v2/f2, which is both the measure of typical Composite Higgs couplings deformations and
the degree of tuning of the Higgs sector. In the following section, instead, while performing a scan over all
the parameter values, we will be able to see what are the maximal deviations allowed by each scenario.

a. generic scalar. The main constraint comes from the operators S|DµH|2 and S|H|2. The first one
induces the S decays to the Higgs and massive electroweak gauge bosons, with a typical rate far above
the allowed limits, while the second one leads to an excessive modification of the Higgs coupling to gluons.
Moreover, there is a slight overproduction of tt̄ final states. In order to proceed with the analysis of a generic
scalar, let us first understand the general parametric behaviour of the relevant cross-sections, which will also
be useful when we switch to the next scenarios. Leaving aside all the parameters but f , g⇢ and k-coe�cients
we obtain the following dependences

�13
�� ⇠ �gg���

�HH + �tt
⇠ k2g

(k2H + k2t )

1

g4⇢f
2

k2�
g4⇢

, (IV.1)

�8
HH/tt ⇠ �gg�HH/tt

�HH + �tt
⇠ k2g

(k2H + k2t )

1

g4⇢f
2
k2H/t , (IV.2)

where we neglected small contributions of ��� and �gg to the total width (see right panel of Fig. 2 for BR’s
of S), and �HH stands for a partial decay width into massive EW bosons and the Higgs. We need to find
a parameter region where the HH and tt cross-sections become small while the digamma 13 TeV signal

H data

allowed

kg ! kgN
(g)
f

g2⇢
(4⇡)2

g⇢

• realized in a loop suppression scenario
* Nf~1-2 points at scenarios 
with the top partners only 

0.01

0.02

0.03

0.05
0.1

0.2

2 4 6 8 10
0

2

4

6

8

10

mrêTeV

g r

generic scalar

Nf
HgL=2

• S width ~20GeV

3

S
S

�

�

�

�

FIG. 1: Example of diagrams generating the SFµ⌫F
µ⌫ coupling at loop level, in terms of hypothetical hyperquark

constituents of S (on the left) and in terms of their bound states (on the right).

III. MATCHING TO LARGE-N THEORIES AND N-SITE MODELS

In this section we simplistically describe two well-known classes of models, which obey the power counting
rules presented in Section II. A reader not interested in technical details behind the formula (II.1) can skip
this section. The first class is confining SU(N) or SO(N) gauge theories with large N and a number of hyper-
fermion generations Nf . For this kind of theories one can identify a regime in which all orders in the gauge

coupling gS expansion of the amplitudes become of the same size, namely N g2
S

16⇡2 ⇠ 1. Hence the size of whole
infinite sums can be estimated from their scaling with N , which is the same as for the leading order diagram.
In each order of the gS expansion the leading diagrams are those which di↵er from the LO one by insertions
of gluon propagators, as the gluons carry two color indices and hence can bring maximal N -enhancement.
Assuming that this regime plays a dominant role in the dynamics of the bound states (hyperhadrons), one can
use the N -dependence to extract the quantitative information about the behaviour of di↵erent hyperhadron
states, including their masses and interaction strengths. The couplings of hypermeson states obey

g⇢ ' 4⇡p
N

(III.1)

while their mass m⇢ is independent on N [14–16]. From the chosen notation is obvious how these parameters
directly match on those of Eq. (II.1), and so do the power counting rules concerning insertions of external
fields, momenta, couplings and masses.
Any process whose diagram includes a closed fermionic line has to be suppressed by N with respect to

those which do not include it. This can be seen from the mentioned fact that in the regime N g2
S

16⇡2 ⇠ 1 the
dominant gluon loops do not bring any suppression, hence a loop of fermions, which carry one color index less,

is down by a factor of N . From the identification (III.1), a 1/N suppression equals to
g2
⇢

16⇡2 , corresponding to
a loop factor in the formula (II.1). An example of this suppression at work for QCD physics is the Zweig rule.
Analogous suppression can show up in the coupling of hypermeson S to gauge fields strengths if, for instance,
the hyperfermion constituents of S are SM-neutral, hence in order to couple S so SM gauge fields one needs
to produce a pair of other hyperfermion flavour, charged under SM. This example situation is represented
graphically on Fig. 1, note the analogy with a process induced by a loop of hypermesons charged under SM.
The closed fermionic lines can however be enhanced by a multiplicity of hyperfermions, hence a factor Nf

in Eq. (II.1). Staying within a region of applicability of large-N expansion, Nf < N , which also ensures
confinement, one can conclude that the relations for the hypermeson masses and couplings identified above
are not a↵ected by NF [17]. The Nf enhancement of fermionic loop does not have to be the case if the
loop involves flavour-breaking couplings. For instance, under assumption of partial compositeness for the top
quark, the coupling of the latter breaks the strong sector flavour symmetry. E.g. in the minimal composite
Higgs models the flavour group is SO(5), and strong sector operators in its fundamental representation couple
dominantly to the top quark, which fills only one (tR) or two (qL) components of the five needed to preserve
SO(5). This explains why the loop-induced processes involving yt, such as a mass of S when it is realized as
a PNGB, or SF 2 operator are just enhanced by the number of QCD colors and not the total multiplicity Nf .
The second example we want to consider is deconstructed (or N-site) models, which in addition will allow

Aµ

Aµ

S



9

Parametric Analysis
 NG (pseudo) Scalar with a breaking by partial compositeness

��

ZZ

tt

• can provide 

• couplings to gluons and gammas are overly suppressed

    while Stt is large,              

    leading together to 

allowed

MS ⌧ m⇢
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5

• PNGB scalar with breaking by partial compositeness

A scalar S arising as a Goldstone boson can have a mass naturally smaller than the cuto↵ m⇢. Driven
by minimality (and the existing explicit models, e.g. [44]), we will assume that the largest source of the
shift symmetry breaking is the same as for the Higgs boson, i.e. the top quark Yukawa coupling. In
this case S can be made naturally lighter than other composite states, M2

S ⇠ (3y2t /16⇡
2)m2

⇢, but its
interactions with the gluons and photons has to carry the loop suppression 3y2t /16⇡

2 as well.

• generic pseudo-scalar, generic minimally coupled scalar, PNGB pseudo-scalar with shift symmetry break-

ing by partial compositeness

These options are analogous to corresponding scenarios with a scalar, up to CP properties of the field
combinations S couples to. In this case the couplings of the type S|H|2, S|DµH|2 are forbidden.

• PNGB pseudo-scalar with breaking by anomaly

A pseudo-scalar resonance shift symmetry breaking can be induced by an anomaly. Corresponding
SAµ⌫

eAµ⌫ , SGµ⌫
eGµ⌫ interaction terms are proportional to the e↵ective multiplicity of states NF gen-

erating the anomaly. The S mass is expected to have a parametric form (Nf/N)1/2m⇢ [45], with
N–number of colors of underlying new strong dynamics. Already having one source of the shift sym-
metry breaking, we are not required to introduce more of them, hence we will assume that partial
compositeness couplings do not involve S and do not generate Yukawa-like interactions of S with SM
fermions. Following our bottom-up approach, we will consider NF as a free parameter and search for
its optimal values, needed to reproduce the experimental data. On the other hand Nf can be computed
explicitly given the symmetry structure of the underlying theory, see e.g. [46]. Therefore this scenario
mainly di↵ers from the minimally coupled pseudo-scalar by the absence of the coupling to the top quark
and a larger expected MS �m⇢ separation.

In a table below we give the estimated size of the operators relevant for our analysis. We are interested in
leading operators involving one S and two SM fields since they can describe the production and decays of S.

scalar pseudo-scalar

generic [+MC] PNGB generic [+MC] PNGB (PC) PNGB (anom.)

SX2 kX
g2
X

g2
⇢

1
f


N

(X)
f g2

⇢

(4⇡)2

�
kX

3y2
t

(4⇡)2
g2
X

g2
⇢

1
f kX

g2
X

g2
⇢

1
f


N

(X)
f g2

⇢

(4⇡)2

�
kX

3y2
t

(4⇡)2
g2
X

g2
⇢

1
f

N
(X)
f g2

X

(4⇡)2
1
f

Sq̄Hq kqyq
1
f kqyq

1
f ikqyq

1
f ikqyq

1
f —

S|DµH|2 kH
1
f kH

3y2
t

(4⇡)2
1
f — — —

S|H|2 k̃H
3y2

t

(4⇡)2
m2

⇢

f k̃H
3y2

t

(4⇡)2
m2

⇢

f — — —

S2 kSm2
⇢ kS

3y2
t

(4⇡)2m
2
⇢ kSm2

⇢ kS
3y2

t

(4⇡)2m
2
⇢ kS

Nfg
2
⇢

(4⇡)2m
2
⇢

where X = G,W,B corresponds to SU(3)c, SU(2)L and U(1)Y gauge field strengths, X2 stands for either
Xµ⌫Xµ⌫ (for scalar S) or Xµ⌫

eXµ⌫ (pseudo-scalar S) while gX is a corresponding SM gauge coupling, q̄q is a
bilinear of SM fermions and yq is a corresponding Higgs Yukawa coupling. Loop suppression factors in square

brackets apply when MC is imposed. N (X)
f is a number of hyperflavours circulating in loops, which can di↵er

for couplings to di↵erent gauge bosons. For the couplings to photons we define N (�)
f = (N (W )

f + N (B)
f )/2.

ki coe�cients are generically expected to be of order 1. In Appendix A we give the expressions for the S
production cross sections and decay widths induced by the operators listed above. For definiteness we will
assume that the vacuum expectation value of S is zero, which otherwise would lead to at most order-one
rescaling of the parameters of our lagrangian.

To conclude, we also comment on some possible alternative scenarios which are not considered in our
analysis.

SFµ⌫F
µ⌫

yt
v

f
St̄t
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FIG. 3: Same as on Fig 2 for the case of generic and minimally coupled pseudo-scalar.

N (g)
f from 1 to 4, N (�)

f is then adjusted within a range 1 � (4⇡)2/g2⇢ to reproduce the experimental data,

so N (�)
f grows with 1/⇠. For the minimal N (g)

f all the experimental bounds are relaxed, but in order to be
able to generate a su�ciently large signal cross-section one needs the S-photon coupling to be close to the
maximal and the allowed region on the plot corresponds to N (�)

f = 20 � 60. The S decay width is around

20 GeV. For N (g)
f = 4 a region with the weakest allowed tuning ⇠ ⇠ 0.1 requires N (�)

f . 10, and predicts
a quite large scale of composite resonances m⇢ = 3 � 4 TeV with �S ⇠ 1 GeV. Notice however that in this
last case one also relies on a cancellation between the two contributions to S ! HH, which otherwise would
exclude moderate values of ⇠. And there is no surprise about this fact, since the couplings of MC scalar with
N (g)

f ⇠ 4 correspond to the couplings of a generic scalar with kg ⇠ 1/3, which is a case that was discussed in

the previous paragraph. Larger values of N (g)
f typically lead to too small values of ⇠.

c. PNGB (pseudo)scalar with breaking by partial compositeness. The coupling to the Higgs boson, which
is the only di↵erence between scalar and pseudo-scalar cases is loop-suppressed and never plays an important
role, hence we will consider them together. Despite being able to explain the m⇢ � MS separation, PNGB S
with PC encounters significant di�culties in reproducing the diphoton signal: loop suppression of the SF 2

couplings forces the scenario in the region of g⇢ < 1 and ⇠ . 0.05. To solve this problem one needs a significant
enhancement of the couplings to photons and/or gluons, far from the predictions of our power counting. The
overall S width in all cases does not exceed 1 GeV.

d. generic pseudo-scalar. The only tension in this case is in the tt signal, which however can be overcome
by suppressing the Stt coupling by a factor of 2, which can be considered as being consistent with the NDA
estimates. With such a suppression the weakest tuning ⇠ ⇠ 0.1 � 0.2 is achieved when new resonances reside
at ⇠ 4TeV or higher, and �S ⇠ 1 GeV. Other possible ways to relax the tt constraints would be suppression of
SGµ⌫Gµ⌫ operator or enhancement of SAµ⌫Aµ⌫ , with the same reasoning which was presented in the case of

• mild tension with tt in the generic case, requires ~50% tuning

• all the bounds (besides       @8TeV) get weaker for a loop suppressed 
Sgg, and NP scale moves down

��

ZZ

tt

• significant gap between MS and a NP scale 

allowed

• S width ~20GeV
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FIG. 4: Constraints for the case PNGB pseudo-scalar with anomalies. The 13 TeV signal can be reproduced without
conflict with other observables in green regions, while the red region is excluded by 8 TeV �� searches. Black dashed
contours show the values of ⇠ = v2/f2, grey dashed area corresponds to ⇠ > 0.2. In blue-shaded area the mass of

pseudo scalar agrees with the NDA estimate with 50% precision or better.

S ! HH signal for a generic scalar. The S-gluon suppression, besides decreasing tt rate also leads to a lower

scale of composite resonances, m⇢ & 2 TeV. This allows to decrease slightly the M2
S

m2
⇢
tuning, which however

still remains at a significant level. In this case one expects �S ⇠ 10 GeV. The constraints on this scenario are
presented on the right panel of Fig. 3.

e. generic pseudo-scalar with MC. As in the scalar case, the Minimally Coupled pseudo-scalar scenario
reproduces the generic one when N (g,�)

f are set to maximal, and allows for lower values of m⇢ for the lower

N (g,�)
f . This is demonstrated on the lower panel of Fig. 3, on which one can see that the allowed area for

N (g)
f = 3 overlaps with that of generic case with kg = 1/2, and for N (g)

f = 1 moves towards m⇢ ' 1 TeV.
The total width of S in the regions with ⇠ ⇠ 0.1 � 0.2 is of the order 10 GeV. Decreased couplings to gluons
automatically reduces the cross-sections in all the channels but ��.

f. PNGB pseudo-scalar with breaking by anomaly. In this last scenario S has only two decay channels –
S ! gg and S ! ��. These decays are controlled by a number of flavours generating the anomalies and the
13 TeV �� signal can be reproduced with a moderate tuning ⇠ = 0.1� 0.2 when the �� anomaly is enhanced
by N (�)

f ' 3. Given that the partial decay width into gluons typically dominates, as well as the production

via gluon fusion, the gluon coupling e↵ect almost cancels out from the �� cross-section. Hence for N (g)
f the

values from order-one to maximal (⇠ (4⇡)2/g2⇢) lead to very similar phenomenology. Most importantly, at

large N (
fg) ⇠ 10 the dijet bounds start cutting part of the parameter space allowed by other observables. The

results for this scenario with N (�)
f = N (g)

f = 3 are presented on the right panel of Fig. 4. Besides the upper
bound coming from the Nfg2⇢/16⇡

2 < 1 requirement, there is no any preference for the mass scale of new
physics m⇢, and the S decay width is below 1 GeV everywhere. Making use of the parametric relations derived

for large-N theories MS ⇠ (Nf/N)1/2m⇢ and g⇢ ⇠ 4⇡/N1/2 we get MS ⇠ N1/2
f (g⇢/4⇡)m⇢. For the lowest

possible Nf ⇠ 3 we show with blue shading the area where the relation for MS holds with 50% accuracy, from
which one can see that the preferred values of m⇢ lie below 3 TeV.

V. DISCUSSION: COMPATIBILITY WITH CURRENT DATA AND IMPLICATIONS FOR
FUTURE EXPERIMENTS

Aiming at finding the natural scenarios capable of describing the 750 GeV resonance we identified three
most favorable ones

• MC scalar, including a mixed case where only the S coupling to gluons is loop-suppressed

 PNGB Pseudo-scalar with anomalies
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FIG. 4: Constraints for the case PNGB pseudo-scalar with anomalies. The 13 TeV signal can be reproduced without
conflict with other observables in green regions, while the red region is excluded by 8 TeV �� searches. Black dashed
contours show the values of ⇠ = v2/f2, grey dashed area corresponds to ⇠ > 0.2. In blue-shaded area the mass of

pseudo scalar agrees with the NDA estimate with 50% precision or better.

S ! HH signal for a generic scalar. The S-gluon suppression, besides decreasing tt rate also leads to a lower

scale of composite resonances, m⇢ & 2 TeV. This allows to decrease slightly the M2
S

m2
⇢
tuning, which however

still remains at a significant level. In this case one expects �S ⇠ 10 GeV. The constraints on this scenario are
presented on the right panel of Fig. 3.

e. generic pseudo-scalar with MC. As in the scalar case, the Minimally Coupled pseudo-scalar scenario
reproduces the generic one when N (g,�)

f are set to maximal, and allows for lower values of m⇢ for the lower

N (g,�)
f . This is demonstrated on the lower panel of Fig. 3, on which one can see that the allowed area for

N (g)
f = 3 overlaps with that of generic case with kg = 1/2, and for N (g)

f = 1 moves towards m⇢ ' 1 TeV.
The total width of S in the regions with ⇠ ⇠ 0.1 � 0.2 is of the order 10 GeV. Decreased couplings to gluons
automatically reduces the cross-sections in all the channels but ��.

f. PNGB pseudo-scalar with breaking by anomaly. In this last scenario S has only two decay channels –
S ! gg and S ! ��. These decays are controlled by a number of flavours generating the anomalies and the
13 TeV �� signal can be reproduced with a moderate tuning ⇠ = 0.1� 0.2 when the �� anomaly is enhanced
by N (�)

f ' 3. Given that the partial decay width into gluons typically dominates, as well as the production

via gluon fusion, the gluon coupling e↵ect almost cancels out from the �� cross-section. Hence for N (g)
f the

values from order-one to maximal (⇠ (4⇡)2/g2⇢) lead to very similar phenomenology. Most importantly, at

large N (
fg) ⇠ 10 the dijet bounds start cutting part of the parameter space allowed by other observables. The

results for this scenario with N (�)
f = N (g)

f = 3 are presented on the right panel of Fig. 4. Besides the upper
bound coming from the Nfg2⇢/16⇡

2 < 1 requirement, there is no any preference for the mass scale of new
physics m⇢, and the S decay width is below 1 GeV everywhere. Making use of the parametric relations derived

for large-N theories MS ⇠ (Nf/N)1/2m⇢ and g⇢ ⇠ 4⇡/N1/2 we get MS ⇠ N1/2
f (g⇢/4⇡)m⇢. For the lowest

possible Nf ⇠ 3 we show with blue shading the area where the relation for MS holds with 50% accuracy, from
which one can see that the preferred values of m⇢ lie below 3 TeV.

V. DISCUSSION: COMPATIBILITY WITH CURRENT DATA AND IMPLICATIONS FOR
FUTURE EXPERIMENTS

Aiming at finding the natural scenarios capable of describing the 750 GeV resonance we identified three
most favorable ones

• MC scalar, including a mixed case where only the S coupling to gluons is loop-suppressed

•       =750GeV prefers        <3 TeV

allowed

• S width less than 1 GeV

QCD     mass rescaled⌘0
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• all the order-1 coefficients are varied between 0.5 and 2,                      
such that P(k=0.5…1)=P(k=1…2)

• “likelihood” for NP responsible for the excess to reside at a 
particular value of        : 

•                           ⇠ = 0.05� 0.2
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FIG. 6: Expected deviations of the Higgs couplings (first three columns, absolute values) and the expected 13 TeV S

signal cross sections (in fb) in di↵erent channels, depending on a mass scale of new physics m⇢. Rows of plots
correspond to the cases of a minimally coupled scalar, minimally coupled pseudo-scalar and a PNGB pseudo-scalar

with anomaly breaking respectively. All relevant k-coe�cients are varied from 0.5 to 2. For the MC scenarios
N

(g)
f = 1, 2, 4 and N

(�)
f covers all allowed values. In PNGB case N

(�)
f = 3 and N

(g)
f = 1� 10. ⇠ varies from 0.05 to

0.2, opacity of the points is maximal for ⇠ = 0.2 (minimal tuning) and minimal for ⇠ = 0.05 (maximal tuning).
Orange lines show current experimental upper bounds. Black lines in the first column show the “m⇢-likelihood”

normalized to 0.2
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FIG. 6: Expected deviations of the Higgs couplings (first three columns, absolute values) and the expected 13 TeV S

signal cross sections (in fb) in di↵erent channels, depending on a mass scale of new physics m⇢. Rows of plots
correspond to the cases of a minimally coupled scalar, minimally coupled pseudo-scalar and a PNGB pseudo-scalar

with anomaly breaking respectively. All relevant k-coe�cients are varied from 0.5 to 2. For the MC scenarios
N

(g)
f = 1, 2, 4 and N

(�)
f covers all allowed values. In PNGB case N

(�)
f = 3 and N

(g)
f = 1� 10. ⇠ varies from 0.05 to

0.2, opacity of the points is maximal for ⇠ = 0.2 (minimal tuning) and minimal for ⇠ = 0.05 (maximal tuning).
Orange lines show current experimental upper bounds. Black lines in the first column show the “m⇢-likelihood”

normalized to 0.2
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FIG. 6: Expected deviations of the Higgs couplings (first three columns, absolute values) and the expected 13 TeV S

signal cross sections (in fb) in di↵erent channels, depending on a mass scale of new physics m⇢. Rows of plots
correspond to the cases of a minimally coupled scalar, minimally coupled pseudo-scalar and a PNGB pseudo-scalar

with anomaly breaking respectively. All relevant k-coe�cients are varied from 0.5 to 2. For the MC scenarios
N

(g)
f = 1, 2, 4 and N

(�)
f covers all allowed values. In PNGB case N

(�)
f = 3 and N

(g)
f = 1� 10. ⇠ varies from 0.05 to

0.2, opacity of the points is maximal for ⇠ = 0.2 (minimal tuning) and minimal for ⇠ = 0.05 (maximal tuning).
Orange lines show current experimental upper bounds. Black lines in the first column show the “m⇢-likelihood”

normalized to 0.2
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Conclusions

we tested several composite S+H scenarios within a common 
EFT framework and identified the most viable ones

the features necessary to reproduce the “S-data” give useful 
guidelines for building UV completions

derived patterns of possible future signals in different channels 
can allow to distinguish between different scenarios 



Thank you!
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FIG. 2: Left panel: characteristic features of S realized as a generic scalar, in m⇢-g⇢ plane, for a default set of
operator coe�cients (|ki| = 1, signs are chosen to minimise the impact of experimental bounds): total decay width
(blue lines, in GeV), BR(S ! gg) (orange dashed), BR(S ! tt) (red dashed) and a region where the 13TeV ��

excess cross-section can be reproduced (green). Right panel: constraints for the case of generic scalar, in terms of m⇢

and g⇢, with k� = 1/3 and |ki| = 1 for the rest of coe�cients. The 13 TeV signal can be reproduced without conflict
with other observables in green regions, while in other colored regions one finds a conflict with tt (yellow), �� (red)
or the S ! ZZ,WW,hh (orange) constraints. Grey dashed contours show the values of ⇠ = v2/f2, grey dashed area
corresponds to ⇠ > 0.2. Lower panel: allowed regions in the case of MC scalar, for di↵erent values of N (g)

f as written
on the plot.

applied to them. Therefore we find that the scenario is only allowed in a region of cancellation of the two
contributions to the S ! HH amplitude. In addition, we need to impose kg < 1 in order to overcome the
h ! gg bound, and moderately relax other constraints. We find that for kg = 1/3 there exists a small allowed
region around m⇢ = 3.5�4.5 TeV and ⇠ = 0.05�0.1, as can be seen on the left panel of Fig. 2. Corresponding
S total width is �S ⇠ 1 GeV. We hence conclude that this scenario is unlikely since besides the cancellation
in S ! HH is requires a significant additional tuning ⇠ M2

S/m2
⇢.

b. generic scalar with MC. The di↵erence of Minimally Coupled scenario with respect to the previous is
a possibility to have smaller couplings of S with photons and gluons. All the discussion of the cross-sections
features made for a generic case hence apply, up to a substitution

kg,� ! kg,�N (g,�)
f

g2⇢
(4⇡)2

(IV.4)

This means that for maximal N (g,�)
f ⇠ (4⇡)2/g2⇢ we will approach to the generic scalar case, which is dis-

favoured in most part of the parameter space, but on the other hand by choosing N (g)
f smaller than maximal

we can naturally overcome the experimental bounds, as would happen for kg ⌧ 1 in the generic scalar model.
The results for this scenario are presented on the lower panel of Fig. 2. We plot the allowed regions varying
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FIG. 3: Same as on Fig 2 for the case of generic and minimally coupled pseudo-scalar.

N (g)
f from 1 to 4, N (�)

f is then adjusted within a range 1 � (4⇡)2/g2⇢ to reproduce the experimental data,

so N (�)
f grows with 1/⇠. For the minimal N (g)

f all the experimental bounds are relaxed, but in order to be
able to generate a su�ciently large signal cross-section one needs the S-photon coupling to be close to the
maximal and the allowed region on the plot corresponds to N (�)

f = 20 � 60. The S decay width is around

20 GeV. For N (g)
f = 4 a region with the weakest allowed tuning ⇠ ⇠ 0.1 requires N (�)

f . 10, and predicts
a quite large scale of composite resonances m⇢ = 3 � 4 TeV with �S ⇠ 1 GeV. Notice however that in this
last case one also relies on a cancellation between the two contributions to S ! HH, which otherwise would
exclude moderate values of ⇠. And there is no surprise about this fact, since the couplings of MC scalar with
N (g)

f ⇠ 4 correspond to the couplings of a generic scalar with kg ⇠ 1/3, which is a case that was discussed in

the previous paragraph. Larger values of N (g)
f typically lead to too small values of ⇠.

c. PNGB (pseudo)scalar with breaking by partial compositeness. The coupling to the Higgs boson, which
is the only di↵erence between scalar and pseudo-scalar cases is loop-suppressed and never plays an important
role, hence we will consider them together. Despite being able to explain the m⇢ � MS separation, PNGB S
with PC encounters significant di�culties in reproducing the diphoton signal: loop suppression of the SF 2

couplings forces the scenario in the region of g⇢ < 1 and ⇠ . 0.05. To solve this problem one needs a significant
enhancement of the couplings to photons and/or gluons, far from the predictions of our power counting. The
overall S width in all cases does not exceed 1 GeV.

d. generic pseudo-scalar. The only tension in this case is in the tt signal, which however can be overcome
by suppressing the Stt coupling by a factor of 2, which can be considered as being consistent with the NDA
estimates. With such a suppression the weakest tuning ⇠ ⇠ 0.1 � 0.2 is achieved when new resonances reside
at ⇠ 4TeV or higher, and �S ⇠ 1 GeV. Other possible ways to relax the tt constraints would be suppression of
SGµ⌫Gµ⌫ operator or enhancement of SAµ⌫Aµ⌫ , with the same reasoning which was presented in the case of
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parameter 8TeV 13TeV

��� < 1.5 fb

�ZZ < 12 fb < 200 fb

�WW < 40 fb < 300 fb

�Z� < 11 fb < 28 fb

�hh < 39 fb < 120 fb

�tt < 450 fb

�jj < 2.5 pb

h�� 1.0± 0.24

hgg 1.12± 0.24

D. Bounds

In this section we present the constraints imposed by the experimental data on each scenario. Here our
main focus will be on understanding the general dependence of the di↵erent S signals of the parameters of
each of the presented models. This will allow us to single out the most viable scenarios, whose parameter
space will be further explored by performing a numerical scan in the following section. The application of the
bounds on di↵erent on-shell S-mediated processes is straightforward, but when it comes to the cases when
S can induce sizeable deviations of the Higgs couplings, one is often able to find combinations of size and
signs of order-1 operator coe�cients which both allow or disallow a given parameter space point. Aiming at
presenting conservative bounds, we will compute the Higgs couplings deviations as a di↵erence between the S
and generic CH contributions. In addition, the connection to the Higgs physics will be reflected by presenting
the values of ⇠ = v2/f2, which is both the measure of typical Composite Higgs couplings deformations and
the degree of tuning of the Higgs sector. In the following section, instead, while performing a scan over all
the parameter values, we will be able to see what are the maximal deviations allowed by each scenario.

a. generic scalar. The main constraint comes from the operators S|DµH|2 and S|H|2. The first one
induces the S decays to the Higgs and massive electroweak gauge bosons, with a typical rate far above
the allowed limits, while the second one leads to an excessive modification of the Higgs coupling to gluons.
Moreover, there is a slight overproduction of tt̄ final states. In order to proceed with the analysis of a generic
scalar, let us first understand the general parametric behaviour of the relevant cross-sections, which will also
be useful when we switch to the next scenarios. Leaving aside all the parameters but f , g⇢ and k-coe�cients
we obtain the following dependences

�13
�� ⇠ �gg���

�HH + �tt
⇠ k2

g

(k2
H + k2

t )

1

g4⇢f
2

k2
�

g4⇢
, (IV.1)

�8
HH/tt ⇠ �gg�HH/tt

�HH + �tt
⇠ k2

g

(k2
H + k2

t )

1

g4⇢f
2
k2
H/t , (IV.2)

where we neglected small contributions of ��� and �gg to the total width (see right panel of Fig. 2 for BR’s
of S), and �HH stands for a partial decay width into massive EW bosons and the Higgs. We need to find
a parameter region where the HH and tt cross-sections become small while the digamma 13 TeV signal
cross-section remains fixed. This means that the ratio

�13
��/�8

V V ⇠ k2
�

k2
H/t

1

g4⇢
(IV.3)

has to increase, which can be achieved by increase of k� , decrease of kH/t or decrease of g⇢. The last possibility,
i.e. moving the digamma signal to the region with a smaller values of g⇢, can be realized by increasing f
or decreasing kg as can be seen from Eq. (IV.1). We see that all the modifications listed above are limited
in the generic scalar case, and therefore can only lead to slight improvements. Indeed, all the k-coe�cients
are expected to be O(1), and f ’s preferred region is defined by ⇠ ⇠ 0.1 and no significant changes can be

bounds


