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ABSTRACT: Higgs boson compositeness is a phenomenologically viable scenario addressing
the hierarchy problem. In minimal models, the Higgs boson is the only degree of freedom of
the strong sector below the strong interaction scale. We present here the simplest extension
of such a framework with an additional composite spin-zero singlet. To this end, we adopt
an effective field theory approach and develop a set of rules to estimate the size of the
various operator coefficients, relating them to the parameters of the strong sector and its
structural features. As a result, we obtain the patterns of new interactions affecting both
the new singlet and the Higgs boson’s physics. We identify the characteristics of the singlet
field which cause its effects on Higgs physics to dominate over the ones inherited from the
composite nature of the Higgs boson. Our effective field theory construction is supported
by comparisons with explicit UV models.
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1 Introduction

Here and there, in collider experiments, we see hints of deviations from the standard model
(SM) and will probably see more in the future. These anomalies — e.g., in the diphoton
spectrum, weak diboson spectrum, or in the flavor sector — may point at new physics in
close vicinity of the electroweak (EW) scale which is well motivated theoretically given the
gauge hierarchy problem. One of the most popular solutions to this puzzle is provided by
the Higgs compositeness paradigm [1, 2]' whose implications at EW energies can be re-
flected in an economical and reasonably model-independent way in the strongly interacting
light Higgs (SILH) framework [6]. It does not only address the construction of a basis of
dimension-six operators from standard-model fields, but also imposes the theoretical biases
arising from our understanding of strongly coupled ultraviolet (UV) completions. Its pre-
dictivity is thereby increased. This framework can in principle be extended to also describe
new states. In this note, we aim at presenting the minimal such extension including one
single new dynamical degree of freedom in the form of a composite spin-zero EW singlet

'For detailed reviews of composite PNGB Higgs we for instance refer the reader to refs. [3-5].



S, heavier than the Higgs boson. There are numerous roles an extra singlet field could
play and help addressing relevant issues that the standard model is deficient with, like the
abundance of dark matter (see e.g. refs. [7, 8]) or the matter-antimatter asymmetry that
could be produced during a strong first order electroweak phase transition [9, 10].

Since its discovery, the Higgs boson experienced a change of status and has become a
tool to search for new physics. In composite Higgs (CH) models, the deviations from the
SM predictions of the Higgs production and decay rates induced by the putative strong
dynamics above the EW scale have been known for quite some time. The goal of our study
is to understand how these generic signatures are affected by the presence of additional
composite states below the new scale of the strong interactions. In particular, we identify
under which circumstances the effects of a singlet spin-zero field dominate over that of the
strong sector, in which channels they are more likely to be revealed and how they can help
deciphering the dynamics governing this singlet field.

The structure of this paper is the following. In section 2, we define the general power
counting rule for the operators involving SM fields and S, discuss possible underlying UV
dynamics, and construct a basis from the relevant operators. In section 3, we apply our
formalism to several minimal but consistent scenarios for the composite H + S pair and
discuss their phenomenology, notably in the Higgs sector. In section 4, we discuss the
matching of two explicit examples of composite Higgs models onto our power counting.
Finally, our conclusions are presented in section 5.

2 General formalism

In this section, we set up an effective field theory (EFT) framework describing a variety
of models that feature a new strongly coupled dynamics which confines at some scale f
not very far above the EW scale. We assume that the Higgs doublet H and a spin-zero
gauge singlet S are the lightest composite resonances and include them explicitly in our
EFT. The effects of the rest of the strong dynamics are described by effective operators.
This type of spectrum can naturally arise in theories where both S and the Higgs are
pseudo Nambu-Goldstone bosons (PNGB) associated with the spontaneous breaking of
an approximate global symmetry of the strong sector at the scale f (see refs. [11, 12] for
specific examples). The general mechanism can be illustrated using the SO(6) — SO(5)
spontaneous symmetry breaking pattern [11]. It gives rise to five PNGBs transforming in a
fundamental representation of SO(5). Among those five states, a quadruplet and a singlet
of SO(4) C SO(5) are found. The quadruplet has the right quantum numbers to form a
complex Higgs doublet if the SM EW group SU(2), is identified with one of the factors
of SO(4) ~ SU(2); x SU(2)2, and the remaining SO(4) singlet becomes the additional
singlet S. While assuming a PNGB nature for the Higgs seems indispensable,? the relative
lightness of S may just be accidental. This situation can be realized for instance in scenarios
with SO(5) — SO(4) breaking, giving only rise to four PNGBs forming the Higgs doublet.

Our aim here is to probe the robustness of the generic predictions of the minimal models
and to construct a unified framework suitable for describing next-to-minimal models, thus

2For a brief analysis of non-PNGB, accidentally light Higgs we refer the reader to ref. [13].



capturing a broad range of explicit models and providing a common basis for their compari-
son. In the following, we establish a general procedure to construct the effective Lagrangian
of these next-to-minimal theories. In section 3, we use this procedure to build several con-
sistent realizations of composite S + H scenarios, corresponding to typical limiting cases.

2.1 Power counting rule

Our EFT is complemented by a power counting rule allowing to estimate, up to order-one
factors, the dependence of different operators on the strong sector properties. We assume
that the quantitative features of the strong dynamics can be fully characterized by a typical
mass m, of the lightest composite states other than S and H, playing also the role of a
cutoff of our EFT description, and a typical coupling g,, which can take values in a range
from order-one to 47. The expected scaling of the effective operator coefficients in terms of
these parameters can be determined using dimensional analysis. The qualitative features
of the strong sector, related to its symmetries and internal structure, manifest themselves
through selection rules, i.e. the suppression of certain operator coefficients with respect to
generic expectations. In the reminder of this section, after having introduced the required
dimensional analysis arguments, we discuss the selection rules deriving from the nature of
S and the possible features of an underlying UV completion. We cover scenarios featuring
a CP-odd or -even, generic or PNGB, S state.

Dimensional analysis. With the c = A = 1 convention abandoned, dimensional analysis
determines the correct scaling of the EF'T operators coefficients with m, and g,. Following
ref. [4], we characterize the dimensions of all the relevant objects in units of /& and length
L. The h and L dimensions of an operator generated at #j loops are (1 — #) and —4
respectively. They have to match the total dimension of the scalars (A dimension 1/2, L
dimension —1), fermions (1/2, and —3/2), vectors (1/2 and —1), mass parameters, deriva-
tives (0 and —1) and couplings (—1/2 and 0) it involves. Hence, if no selection rule applies,
an operator with # g external fields H, #g external S, and # derivatives has the form

4 #s #H #o
m S H 0,
v [gp] {%} [M} (composite states) . (2.1)
g5 Lmp mp, Mp

Selection rules can however play a crucial role in determining the magnitude of operator
coefficients. For instance, CP invariance in the strong sector would forbid the S|H|? and
S|\D,H |2 operators for a pseudo-scalar S. Less trivial examples will be considered in the
following.

According to the rule (2.1), the insertion of a Higgs field is associated with a factor
gp/mp. Comparing this to the usual parametrization of Goldstone bosons, appearing in
the Lagrangian only through U ~ exp(iH/f), we obtain the important relation:

mp ~ gpf - (2:2)

It is worth emphasizing that f and m, thus have different & dimensions.



Shift symmetry breaking and partial compositeness. An important symmetry en-
countered in CH models is the “shift” symmetry of the Nambu-Goldstone bosons. If unbro-
ken, it forbids Goldstone bosons to have a potential and, in particular, a mass. In realistic
models, the PNGB Higgs potential is generated through the partial compositeness (PC)
mechanism.? In this case, the breaking of the shift symmetry is induced by the couplings
of the strong sector to the rest of the SM fields, which are assumed to be elementary. It is
rather natural to suppose that .S, if realized as a PNGB, shares its shift symmetry break-
ing source with the Higgs boson.* Since the shift-breaking interactions couple elementary
SM states to the Higgs boson, they are also responsible for the generation of SM masses.
The couplings to the heaviest SM fermion, namely the top quark, hence induce the largest
breaking. Therefore, all the shift symmetry breaking operators have to either explicitly
contain SM fields or be suppressed by a loop of the elementary top quark. This loop
suppression can be estimated from dimensional arguments as Noy?/(4m)? or Neyig,/(4m)2,
where y; is the SM top quark Yukawa coupling and N, is a number of colors. Either value
can appear in explicit models [18]. In the following, we will stick to the first option which
gives the most distinct results with respect to the non-PNGB case. This discussion can be
formalized by adding the following factors to the power counting formula (2.1):
il ) [
(47)? m% f m,

Here, y, is the SM Yukawa coupling of the fermion ¢, g4 is the coupling strength of the SM

#A
] (elementary states) . (2.3)

gauge field A, and #4q, #4, # are respectively the numbers of fermion bilinears, gauge
fields, and loop suppression factors required to break the S or H shift symmetry. The para-
metric form of the coefficient again follows from dimensional analysis, while the presence of
a Yukawa coupling in front of the fermion bilinear assumes Minimal Flavor Violation [19].
Note that it is in any case required for the Higgs interactions to reproduce the form of
the SM Yukawa interactions y,qH ¢, and that the S couplings to fermions can be naturally
endowed with this flavor structure, because they always involve a Higgs doublet. For sim-
plicity we will assume that the chirality conserving quark bilinears of the type gv,q obey
the same power counting as qq.

Using the formulas (2.1), (2.3) we can for example obtain the parametric form of the
one-loop PNGB Higgs potential

N,y? H|? H*
Vi =mof? (47ry),52 (—a|f2| + ,8|f4|> (2.4)

where a and 8 are dimensionless coefficients which are expected to be of order one. Its

minimization yields

Ney? v?

U:f<;5>2 and m%zﬁzﬁ Pm?), (2.5)

3Partial compositeness of the top quark seems to be the only viable way to make the top as heavy as it
is, while the mass of other SM states can in principle be generated in a different way, see refs. [14-16]. See
also ref. [17] for a CH model with other sources of shift symmetry breaking.

4Though the Higgs and S shift symmetries and breaking sources are a priori independent, we take them
to be equal as a first approximation, keeping in mind that this assumption can be relaxed.



where my, is the Higgs mass and v its vacuum expectation value (VEV).> A key parameter
of CH models is the ratio & = v?/f? of the EW symmetry breaking scale v ~ 246 GeV
and the strong sector global symmetry breaking scale f. It controls the size of the Higgs
couplings deformations with respect to SM predictions [20, 21] and is already bounded to
be £ < 0.2 [22, 23]. In order to achieve the separation v < f required phenomenologically,
one has to tune the a and § coefficients of the potential. An additional tuning of the
coefficient may be required to provide a sufficiently low Higgs mass. If S is a PNGB as well,
its potential would have the same parametric form as the Higgs, but there is a priori no
reason for any tuning to take place. One therefore expects the following hierarchy between
the Higgs boson mass, the S mass M, and the masses of other composite states

2 Ncyt2

-~ . Ncyt2
P (47T)2

<

mi . M? :m

01 (PNGB S with PC breaking) . (2.6)

In the case of a generic S, we rather expect this mass hierarchy to be

Ny?
(4m)?

mi : M? mi ~ €:1:1 (generic S) . (2.7)
The EFT validity then requires S to be accidentally lighter than the cutoff m,, with the
degree of tuning M?2/ m% characterizing the accuracy of our description.

Anomaly-mediated shift symmetry breaking. A breaking of the shift symmetry of
a PNGB S through PC is not the only possibility. It is actually not strictly necessary since
S does not have to couple to SM fermions, unlike H which generates their masses. The
shift symmetry of a CP-odd S can for instance be broken by anomalies associated with the
gauge fields of the SM or the strong sector

Nyg% S

(47[_)2 ? MVXH’I/

: (2.8)

where X, is a gauge field strength tensor, gx the corresponding coupling and Ny is an
anomaly coefficient roughly corresponding to the number of strong sector fermion flavors
generating the anomaly. The anomalous interactions with the SM gauge fields can however
not generate a sufficiently large S mass [24]. In order to make S heavier than the Higgs
boson, one could either again resort to PC breaking, or assume that M arises from the
anomaly related to the new strong dynamics. In the latter case, in analogy with the
1’ meson of QCD [25], we obtain M? ~ m2 Ny/N, where N is a number of colors of
the underlying strong dynamics. Using the relation 1/N ~ gg /(47)2, predicted for large-
N theories (see next section), the expression for the S mass can be rewritten as M? ~
m?) N fgz /(47)2. So, in this case, the estimate for the mass hierarchy is

Nyg?

Ny}
2 A2 .02 <Yt
my : M~ :my ~ (4m)2

P (47T)2

'

i1 (PNGB S with anom. breaking) . (2.9)

5Notice that the Higgs field value is not proportional to the symmetry breaking parameters because, in
the absence of external breaking, there is no Higgs potential, the Higgs VEV is simply not fixed and can
take any value, i.e. one should not expect that v — 0 for y; — 0.



The S mass and couplings to gauge bosons differ from the generic estimates, m,%S2 and
g%/gg X,, X" S/ f, derived from eqgs. (2.1), (2.3) by a factor of Nfgg/(47r)2, which we thus
include as a suppression characteristic of anomaly breaking in our power counting rule.
Notice that the Ny factors appearing in the anomalous couplings and in the expression for
the mass are in general independent.

UV selection rules. We have so far discussed selection rules connected to symmetry
breaking. In addition, some of the operators can carry suppressions not transparently
related to the EFT symmetries. Two types of such suppressions, present in large- N and N-
site theories, will be described in the following two sections. They can affect the couplings
of S to the SM gauge bosons or the Higgs field, leading to an additional N fgz /(47)? factor,
where Ny is an effective number of composite flavors.

At this point we can summarize the power counting in a single expression

mi f? [Ncy?]#L [Nfgzl#L [yqq‘q]#‘“ [QM] #A [S] re [H} . [8#}#6 . (2.10)

(47)2 (47)2 m2 f m, f f m,

where # is a number of loops required to break the shift symmetry through PC, #, stands
for a number of loops required by the UV selection rules or the shift symmetry breaking by
anomalies, and the remaining #’s correspond to the number of insertions of external fields
or momenta. The power counting formula (2.10) applies only to the operators generated
by the strong dynamics and, for instance, not to the elementary field kinetic terms. It
complements the power countings developed in refs. [6, 13, 26] for CH models, in what
concerns the presence of an additional state S, but does not have their generality, as we
made simplifications to display more transparently the physics relevant for our discussion.

Having defined the basic ingredients of our EFT, we now comment on its validity. As
usual, we have to limit our EFT description to operators of a certain mass dimension.
In order to keep the effect of higher-dimensional operators negligible, we need a sizable
separation between M and m,. As we have seen, a PNGB S can be parametrically lighter
than m,, while for a generic S the scale separation could be accidental or due to some
unknown features of the underlying strong dynamics leading to deviations from our power
counting estimates. However it is worth stressing that the first signals of a new resonance
will not allow for a precise determination of its properties. Instead, one will only be sensitive
to the order of magnitude of different operator coefficients and therefore to selection rules.
Hence, even with a moderate M —m,, separation, our framework could allow to determine
the main features of the underlying theory and could point at the explicit UV completions
of the most appropriate type.

In the two following subsections we give a short overview of the two well-known ap-
proaches used to describe the behavior of strongly coupled dynamics bound states. They
lead to — and provide us with further insight in — the power counting rule (2.10).

2.2 Matching to large-N theories

As a first prototypical example of UV completion we consider confining SU(N) gauge
theories with Ny quark flavors transforming in the fundamental representation of the gauge



Figure 1. Examples of diagrams generating S|H|? and S|D, H|? couplings (left) and SF,, F*”
coupling at loop level in terms of hypothetical hyperquark constituents of S (center) and in terms
of their bound states (right). Solid straight lines of different colors correspond to different fermionic
flavors, wavy lines correspond to SM gauge bosons, and dashed lines are for composite scalars.

group. (We will call the new states quarks and gluons for simplicity and will not refer to
their SM analogues in this section.) In this case, we can use a 1/N expansion [27-29]
in order to understand the properties of bound states. The bound states which we are
interested in form when the coupling g, between quarks and gluons becomes strong, hence
an expansion in g, is not useful for their description. But in the strongly coupled regime
characterized by

g

1672

amplitudes acquire a well-defined scaling with N which can be used to estimate their

1, (2.11)

relative size. The use of the 1/N expansion relies on the assumption that this regime plays
the dominant role in the bound state dynamics.

Let us consider the specific example of meson-like states which are typically the lightest
and therefore can be good candidates for H and S. In the Feynman diagrams corresponding
to meson interactions, each additional gluon loop brings an extra factor of Ng2/167% ~ 1.
This means that diagrams with any number of additional gluon propagator insertions have
at most® the same size as the leading-order diagram. Their sum therefore has the same scal-
ing with N as the easily estimated leading-order contribution. Using this feature, one can
determine the expected scaling of different n-point functions [27-29], effectively resuming an
infinite series in g.. The power counting formula (2.1) is then recovered for the interaction
of meson-like states with the following identification for the meson-meson coupling strength

4
gp:ﬁ~

One can also show that the mass of mesons m, is independent of N [29]. Notice that

(2.12)

glueballs and baryons behave differently: our power counting only applies to mesons.
Moreover, each additional quark loop brings an extra 1/N suppression. This derives
from the fact that quarks have one fewer color index than gluons whose loops are unsup-
pressed when Ng2/16m% ~ 1. Given the identification (2.12), a 1/N factor corresponds to
a 9;22 /1672 suppression, i.e., to a loop factor in the (2.10) counting. The Zweig rule is an
example of such suppression at work in QCD. Analogous suppressions can also appear in

5The largest contributions are given by the planar diagrams, while the non-planar ones carry extra 1 /N
suppression factors.



the interactions of composite states made of different types of quarks. With a different
quark composition for S and H, the S|H|?> operator would for instance arise from a dia-
gram containing two closed fermion lines instead of one for operators like S featuring one
single type of meson (see left graph of figure 1).

Closed fermionic lines can however be enhanced by the quark multiplicity, hence a fac-
tor Ny in eq. (2.10). At the same time the scaling of meson masses and couplings with V is
not affected by Ny as long as one remains within the region of applicability of the large-INV
expansion which requires Ny < N and also ensures confinement [30]. As an example, let us
consider the coupling of S to SM gauge field strengths if the quark constituents of .S are SM-
neutral. It must involve a loop of other quarks, charged under SM, which brings a 1 /N sup-
pression together with an enhancement by the number of quark flavors running in this addi-
tional loop. This example is represented graphically on the central graph of figure 1. Note
the analogy with a process induced by a loop of SM-charged mesons (right graph of figure 1).

2.3 Matching to multisite models

Multisite models are often used as a weakly coupled description of the lowest laying com-
posite resonances [26, 31, 32], inspired by five-dimensional realizations of the composite
Higgs [1] and the idea of dimensional deconstruction [33]. In this section, we give a general
overview of the relation between the two-site models and the power counting rules developed
in section 2.1. Two concrete examples of two-site models will be discussed later in section 4.

Two-site models consist of two separate sites in a theory space, each featuring sepa-
rately a copy of an approximate global symmetry G, which we call G; and G2, and contain-
ing certain sets of gauge and matter fields. The product G x G is spontaneously broken to
the diagonal subgroup Ggiag. The Goldstone bosons x of the spontaneous breaking are em-
bedded into the unitary matrix U = exp[ix/ f], which transforms under G x G rotations as

U — gUgl. (2.13)

Once set to its VEV, (U) = I, the Goldstone matrix only leaves unbroken the subgroup
Gdiag, corresponding to transformations with g; = go. The field content of the first site
is that of the SM without the Higgs, and the SM gauge symmetry group Ggy is realized
as a subgroup of G;. Since Ggy C G1, the SM fields form only incomplete multiplets of
(1 and hence break it. This mimics the explicit weak breaking of the strong sector global
symmetry G — Ggn by elementary fields. The second site features a gauge symmetry
‘H C G with typical gauge couplings g, > gsm. The second site therefore plays the role
of strong sector with a spontaneous G — ‘H breaking. Since # is gauged and broken by
a condensate (U), the gauge bosons of the second site p, acquire a mass m, ~ g,f. The
x components corresponding to the H generators can be absorbed by the ‘H gauge bosons
and disappear from the spectrum. The remaining Goldstone bosons, associated with the
G /H coset, contain the Higgs field and possibly also S.

The crucial assumptions about the two-site model include, besides the choice of the
G and H symmetry groups, the embedding of the SM third-family quarks in incomplete
multiplets of G. Once they are specified, the elementary fermions of the first site can be



coupled to the composite fermionic partners v of the second site

Liix = yr.f @tUVr +yrftrUYL +hec., (2.14)

where ¢, = (tz,br) and tg are SM quarks, embedded in some representation of G.7 This
Lagrangian realizes the PC paradigm and leads to the top quark Yukawa Lagrangian
Lyvukawa 2 %QLH tr where m, is the typical mass of the composite fermions. At
the same time, since the interactions (2.14) couple the Goldstones to the G — Ggy and
G — H breaking sources, they generate the loop-level scalar potential V (yr,yr,my) for
the Higgs boson and the singlet S. The Goldstone symmetry-preserving interactions arise
from the kinetic term of the U field

2
Liin y = %Tr[D#U(D”U)T] , (2.15)

where D,U = 0,U —igaA,U + ig,Up,. This Lagrangian also contains mixings between
the elementary and composite gauge fields which make the SM gauge bosons partially
composite and break the Goldstone shift symmetry.

The well-known structure described above, including the specific assumptions about
the G and ‘H symmetry groups as well as the field content of the second site, determines the
Lagrangian at the renormalizable level (thinking of fU as a dimension-one scalar). Since
the second site states are just an effective description of the lightest composite resonances,
one however also needs to describe the effects of the rest of the strong sector through higher-
order operators. In the following, we will simply assume that there are no other composite
resonances up to the cutoff A = 4xf. At this energy the derivative couplings between
the Goldstone bosons become non-perturbative and the theory of bound states has to be
substituted by some other description. Therefore, all the higher-order operators generated
by the strong dynamics arise at the cutoff scale A and we use the naive dimensional analysis
(NDA) prescription [34] to estimate their size. NDA predictions correspond to those of the
power counting formula (2.10) in the limit of the maximal coupling g, — 47 and hence
m, — A. Our description of the composite resonances of the second site thus obviously
requires a sufficiently large separation m, < A or, equivalently, g, < 4.

First, it is trivial to see that the operators obtained by integrating out the composite
resonances at a scale m,, at tree level, from the renormalizable Lagrangian will automati-
cally follow the (2.10) prescription. Now let us discuss how the NDA-sized operators coming
from the scale A will affect the low-energy physics below the scale m,,, and how this effect
can be captured by the power counting rule (2.10). Recall that the derivation of our for-
mula (2.10), used to describe the physics below m,, was based on the assumption that m,
is the only UV scale of the problem, while now we have additional effects coming from A.
One may naively assume that the NDA coefficients of the relevant operators, like the Higgs
mass, will be enhanced by factors of A/m, with respect to (2.10) predictions. This does
however not happen because of the symmetry structure of the two-site model which requires
the simultaneous presence of both G; — Ggar and G — H breaking sources to generate

"In this case, we have explicitly assumed that elementary fermions are embedded into fundamental repre-
sentations of G while, for other choices, one may need a different form of mixing, as will be seen in section 4.



the PNGB potential. If any of the two sites were G-symmetric, the Goldstone matrix could
be eliminated by a unitary G-rotation from the mixing Lagrangians (2.14), (2.15). Since
the G2 — H breaking comes from the masses ~ m, and couplings ~ g, of the second site
fields, the PNGB potential is suppressed by an additional factor of m% /A? with respect
to the NDA estimate and thus follows the prediction of our power counting (2.10).% As
for the irrelevant operators, the NDA predictions for their coefficients are suppressed by
powers of g,/4m with respect to the predictions of (2.10). This suppression is thus similar
to the effect of what we call UV selection rules.

This leads to an important conclusion: in this particular realization of the strong
sector, the UV selection rule suppression of some couplings arises if they can not be gen-
erated after integrating out, at tree level, the composite states from the renormalizable
Lagrangian of the second site. As a result, the corresponding operators are generated ei-
ther at loop level, or directly at the scale A, in both cases carrying extra powers of g,/4m.
This type of UV selection rules in particular realizes the minimal coupling (MC) condi-
tion, as defined in ref. [6]. The couplings of neutral matter fields to the on-shell gauge
bosons SG ., GH, SW,, WH  SB,,,B*  |H|*GuG*", |H >y, (D, H) o' (D, H)YWH,
and (D, H)"(D, H)B" can not be generated at tree level in N-site models and hence carry
a gg /(4m)? suppression. Part of the couplings listed above, namely SX? and |H|?X?2, are
expected to be loop-level even without MC if S and the Higgs are PNGBs. Notice that,
unlike the 1/N “loop” suppression of large-N theories, the MC loop suppression in N-site
models is automatic rather than optional.

2.4 Effective Lagrangian construction and choice of the operator basis

In the EFT obtained after integrating out the UV degrees of freedom, one generically
expects all operators compatible with the gauge and approximate global symmetries and
their breaking patterns. We assume that the degrees of freedom of the EFT are chosen
such that all the associated symmetries are manifest, and hence our power counting (2.10)
directly applies to all EFT operators. It would however be impractical to perform physical
analyses with the full set of possible operators, given that some of them are redundant.
Our goal here is to find the minimal set of operators obeying the power counting (2.10),
to which the full set can be reduced. This task is nontrivial because certain manipulations
with the effective operators leading to the reduction of their total number also explicitly
break of the power counting. In other words, if we simply eliminate all the redundant
operators without paying attention to the size of the corrections induced to the remaining
ones, the resulting operator coefficients may not follow the power counting and the presence
of symmetries may become hidden in correlations between different coefficients. This will
become clear in the following part of this section where we construct a set of operators
capturing the leading interactions of the new spin-zero state S with SM fields. They can
be described by operators of dimension five at least (unless S features some additional
symmetries which we do not consider) and those are the only ones we will consider.

8 An analogous reasoning can be applied to the PNGB S mass, but implementing the large mass sepa-
ration M < A for a generic S may require some ad hoc assumptions.
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We will first discuss the case of a scalar S. Let us start by analyzing the set of
dimension-five operators containing the fields S, H as well as two derivatives

1 ; L
01:?|DMH|2S (’)2:%(HTDMH)3”S+h.C. 032?

Oy = ;(HTDH)S +he Of= }|H|2DS

Ou|H|?0"S (2.16)

and discuss which of these operators can be eliminated without breaking our power count-
ing.

O3, Os. Integration by parts relates these two operators which have the same symmetry
breaking properties, i.e. invariance under S — S 4 ¢ but not under H — H + c¢. Hence,
we can safely eliminate either of them without conflicting with our power counting. We
choose to eliminate O3 in favor of Os:

O3 — —0Os. (2.17)

01, O4, Os. The importance of the symmetry breaking structure can be seen when con-
sidering the operator (01, which can be expressed in terms of other operators using
integration by parts

1
01 — 5 (05 — 04) . (2.18)

One immediately realizes that the two operators in the r.h.s. break the Higgs shift
symmetry, unlike the one they originate from. This poses a problem if S is a generic
composite state because the operator 01, not carrying in this case any loop suppression,
after using the equality (2.18) gives rise to two operators breaking the Higgs shift symme-
try with unsuppressed coefficients, in contradiction to our power counting rules (2.10).
In general these types of problems are also expected to arise in a theory with both S
and H being PNGBs, but with a different size of shift symmetry breaking. The fact
that H — H + c breaking is suppressed will now be encoded into a correlation of Oy
and Os coefficients defined by eq. (2.18).

If we proceed further in this direction, the operators O4 and Os generated by Op can
be eliminated by the field redefinitions

H—>H<1+O;fIS> , S—>S+%|H|2 (2.19)

which give the following modifications of the kinetic and mass terms

2
5L = —apOs+ ... scH = %;PSWF +. (2.20)
SLY = —agOs+ ... LS = —a—;MQS|H|2 +o (2.21)

where —2 is the mass parameter of the Higgs doublet and the ellipses stand for higher-
order operators. Hence, by appropriately choosing ag and ay, the O4 and Oy operators
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can be eliminated. In return, one receives modifications of the remaining operators, e.g.
S|H|? gets shifted by

<_ast + 2aH“2> S|H|?, (2.22)
f f

and if S in not a PNGB we have asM?/f < m,%/f, which does not feature the loop
suppression factor expected for the H shift breaking operators. The Higgs shift sym-
metry is now hidden in the correlation among the different coefficients, and can not be
reconstructed by making order of magnitude power counting estimates. For instance, if
we had performed an analysis in the basis where Oy 45 are eliminated and assumed that
the operator S|H|? has a coefficient of the size ~ (M?/f) without keeping track of all
the correlations, we would have obtained an excessive mixing of the S and the physical
Higgs boson, which has in fact to be loop suppressed. Consequently, we would have over-
estimated the impact of S on Higgs physics. Had we instead assumed a loop suppressed
coefficient for the operator S|H|?, we would then have underestimated the physical ef-
fects originally triggered by the O operator, e.g. S — hh decay rate. Similar problems
appear with higher-order operators (S|H|[*, S?|H|?,...) and can be traced back to the
field redefinitions (2.19) which cause an unsuppressed explicit breaking of the H shift
symmetry when ag g ~ 1. We hence conclude that the elimination of the operator O
(as e.g. in ref. [35]) would not allow to apply our power counting to the operator basis
if S is a generic scalar. Instead, we use the equality (2.18) to rewrite Oy in terms of Oy
and Op, while Oy can be eliminated using one of the field redefinitions (2.19).

Note that a similar situation occurs in the construction of the SILH basis of the
dimension-six operators for the composite Higgs boson. The Higgs shift-symmetry pre-
serving operator Tr[DHU(D“U)T] (2.15), giving rise to the Higgs kinetic term, also
produces two operators |H|?|D,H|* and 8,|H|?0"|H|?>. Each of the latter breaks
H — H + ¢, but the specific linear combination of them coming from Tr[D,U(D*U)T]
is shift invariant. Then, the operator |H|?|D,H|* is removed by an order-one shift-
symmetry-breaking field redefinition H — H(1+~|H|*/f), while 9,|H |*0*|H |* remains
in the SILH basis with an unsuppressed coeflicient. At the level of dimension-six opera-
tors, this field redefinition does however not generate any SILH power counting breaking,
besides the one associated with 8,|H|*9"|H|?. It is also important to notice that, in
this case, two operators of the full initial set break the power counting estimates even
before any manipulations. We do however not expect a similar situation, contradicting
our starting assumption, to occur at the level of dimension-five operators involving S.

In case S is a PNGB with the same properties as the Higgs, expressing O; in terms of
Q4,5 poses no problem since the former has to be loop suppressed. Afterwards, Oy 5 can
be eliminated by the redefinitions (2.19) with loop suppressed as g7, without introducing
any breaking of the power counting.

3. This operator can safely be removed by gauge field redefinitions and expressed in terms
of operators of 9,5 qy"q type.
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We conclude that one of the operators with derivatives, |D,H |28, can not be removed
if S and H have different natures, i.e. if S is a generic composite resonance or a PNGB with
a larger breaking size than that of the Higgs. Note that one of the field redefinitions (2.19),
which is not used in this case, can still serve to eliminate one operator. Let us now discuss
operators of the type S"|H|?™.

S"|H|?>™. Elimination of operators of this type can also lead to a violation of the power
counting rules. By applying the equations of motion (e.o.m.) of the PNGB S or H, one
unavoidably generates H shift symmetry breaking terms containing derivatives and not
carrying loop suppression factors. For example, for the operator S|H|?, we get

2
Y Mg o Lemiom or
1672 f f f

This occurs because any product of the S and H fields enters the e.o.m. with a loop

OS|H|?. (2.23)

suppression while the kinetic terms of H or S are unsuppressed. Analogous problems

appear if one attempts to eliminate any operator of the type S™|H|?™.

Hence, we are only left with a possibility to use the S e.o.m. when S is a generic scalar.
Given that the e.o.m. in that case contains unsuppressed terms of the type S™, it can
be used to re-express S™|H|?™ in terms of other operators without absorbing the loop
suppression. However, with a generic S, one can run into a different problem related
to the necessary tuning of the S mass. Since the coefficient of the operator S? brings
the main contribution to the physical S mass M, it has to be tuned down with respect
to the power counting estimate in the same way as M. For instance, if we apply the S
e.o.m. to the operator S|H|?, we obtain

2 2 212

Yy My 2 Yy 1 mp 2
—PS|H —_POS|HP + ... 2.24
1672 f SIHI = 1672 f M2 SIH+ (2.24)

i.e., the resulting operator coefficients are enhanced by the degree of tuning m% /M? of
the S mass.” The only two operators of S™|H|*™ type which can be eliminated without
problems are S?|H|? and S| H|? because the coefficients of S? or S3 in the equation of
motion of S are expected to be neither tuned, nor loop suppressed. The S field redefi-
nition allowing to eliminate one of these two operators is precisely the one of eq. (2.19),
which remained unused since the operator | D, H|*S can not be excluded for a generic S.

We can now complete the discussion of dimension-five operators. The remaining opera-
tors of the form 9,,Sqv"q, S0,S0"S can be removed by the fermion and S field redefinitions
without breaking the power counting. Up to dimension five, the minimal set of operators
preserving the power counting in all the discussed scenarios for .S can be chosen to be

“Notice that analogous enhancements would not occur when applying the PNGB H e.o.m.. The physical
Higgs mass, which has to be tuned (see discussion of section 2), then receives different contributions, e.g.
direct UV contributions encoded in the \H|2 operator, but also IR ones arising from loops involving the top
Yukawa y:Gr Htr. Generically, no tuning of the |H|? coefficient is expected at the S mass scale.

~13 -



SX2, 524 S|D,H|>, §35

SgHq,  S*HP | SHP*,  S|H[',  S°|H[?

where X2 stands for Xfu,Xw” or %euyani“”Xipo = XLVXi“” with X = G, W, B cor-
responding to the SU(3)., SU(2) and U(1)y gauge field strengths. The presence of the
canonically normalized kinetic term for .S is understood. For definiteness, we assume that
the VEV of S vanishes when (H) = 0. We also assume CP conservation so that a CP-even
S only couples to XLVX “w and a CP-odd S only to XfWX th The operators in the two
upper blocks are invariant under H — H + ¢ shifts but break S — S + ¢, while the ones in
the lower blocks break both shift symmetries.

Part of the operators above can be removed in specific scenarios. The operators in the
left blocks are allowed regardless of S CP properties (up to a change of gauge field strength
to its dual), while the right blocks are forbidden by CP conservation if S is a pseudo-scalar.
In the case of a CP-even S, one redundant operator can still be removed from this set. For
a PNGB S, one can eliminate S|D, H|? without breaking our power counting while, for a
generic S, one can remove either S?|H|? (as done below) or S3|H 2.

As a final remark, it is important to mention that the operations leading to the con-
struction of the given basis do not violate any of the UV selection rules identified for the
large-N and multisite models, namely the possible loop suppression of the couplings of S
to the Higgs and gauge bosons. Their preservation trivially follows from the fact that all
the modifications related to the field redefinitions that were applied to S and H are loop
suppressed, while the redefinitions of the gauge bosons and fermions are never relevant in
this respect.

3 Model classification and phenomenology according to the dynamics of
the singlet field

With different assumptions regarding the dynamics of the singlet, we now present a de-
scription of several next-to-minimal scenarios for the composite Higgs boson and the singlet
field, using the operator basis and power counting rules developed in section 2. Each of
the scenarios is intended to capture the main distinct features of well-motivated UV com-
pletions in a consistent way. Among the plethora of possible operators, we focus on those
describing the leading interactions of S with SM fields, which are responsible for the S
production and decays at collider experiments. For this reason, operators of dimension five
at most will be considered. We will also present the implications for Higgs physics observ-
ables at the level of dimension-six operators. Their coefficients are already well constrained
by the EW precision tests and the Higgs data. The lowest dimension of the operators ap-
pearing after integrating S out increases by at least one unit as S is the only available
dimension-one singlet, while the lowest-dimensional gauge singlet combination of SM fields
is |H|?>. This means that, in the dimension-six low-energy Lagrangian for the SM fields,
there will be no operators coming from the UV Lagrangian with dimension higher than
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five. Therefore, for the sake of study of S effects at high and low energies, it is consistent
to limit our study to L'gg/(S, SM) + EISPE(SM).

3.1 Classification

We classify the different scenarios according to the nature of S. The typical magnitude of
the operator coefficients is presented in table 1 for each case.

e (Generic scalar.

In this case, we assume that S is a scalar particle without any specific feature distin-
guishing it from typical composite resonances. Hence, the only selection rules affect-
ing the power counting are those following from the shift symmetry of the Higgs field,
which is dominantly broken by the top quark Yukawa coupling. Even though generic
scalars are expected to have a mass of the same size as other composite resonances,
we assume that M is accidentally lighter than m,,.

o Inert scalar.

Here we impose an additional constraint with respect to the previous scenario, which
isa N fgg/ (47)? suppression of S couplings to gauge bosons or the Higgs boson,
dictated by some UV selection rules. We do not fix exactly which of the two types of
operators gains the loop factor, but there must be at least one. The operators already
carrying the loop suppressions from the Higgs shift symmetry breaking do not get
an additional suppression. Since the only difference with respect to the generic case
is the aforementioned N fgﬁ /(47)? factors in the operators Ox or OH H1,H2,H3,HA
(subscripts correspond to that of the corresponding coefficients in table 1), we do not
show explicitly the corresponding coefficients.

o PNGB scalar with shift symmetry broken by partial compositeness.

In this scenario, we assume that S is a scalar arising as a Goldstone boson, similarly
to the Higgs doublet, and that its shift symmetry is also broken by PC. Hence, we
expect couplings to SM fermions of y,5¢Hq type, the largest one being that of the
top quark. The rest of the H and S shift symmetry breaking couplings, not involving
SM fermions, has to carry a loop suppression factor 3y?/1672. The same suppression
also applies to the estimate for the S mass M? ~ (3y?/1672) m%, making S naturally
lighter than other composite states.

e Generic or inert pseudo-scalar, PNGB pseudo-scalar with shift symmetry broken by

PC.

These three scenarios can be obtained from the previous ones by assuming that S
is now CP-odd. In this case, the couplings of S™|H|™ type with n odd as well as
the S|D,H |2 operator are forbidden. The coefficient of the SGHq operator becomes
purely imaginary. Unlike in the generic and inert scalar cases, the operator Op4 can
now not be eliminated.
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scalar pseudo-scalar
generic | PNGB | generic | PNGB (PC) | PNGB (anom.)
wext | %) @5 9 | S | S
kq SGHq Yo Yo Wat Wq g —
ky S|D,H|? H — — — —
ki1 S|HI|?,
- ;\I}!J/fz, A | | — - -
ki S°|H|?/ f?
bz S7|H* — | R %P | e
b S keS| w2 | el | w2 |
ks 5%, ks 5°/ 17 ng (i%?mT% - — —

Table 1. Estimated size of the dimension-five operators involving S corresponding to the scenarios
described in the text. We do not list the operators for the inert scalar and pseudo-scalar since
they are trivially obtained from the generic ones multiplying them by a loop factor N fgﬁ /(47)2.
X = G, W, B corresponds to SU(3)., SU(2)r, and U(1)y gauge field strengths, X? stands for either

X}, X' (for scalar S) or X},, X*# (pseudo-scalar S) while gx is a corresponding SM gauge
coupling, gq is a bilinear of SM fermions and y, is a corresponding SM Higgs Yukawa coupling.
For PNGB pseudo-scalar with anomaly breaking N J(cx) are the coefficients of anomalies associated

to SM fields while N ¢ is a number of hyperquarks. The empty entries correspond to the operators
which are either redundant or not expected to be generated in a given scenario.

Finally, the couplings to field strengths X, X#” get substituted by couplings to
X Wf( . We expect that the coupling coefficients remain unchanged, in particular,
they should be suppressed in the PNGB case. Contrary to ref. [36], we argue that
this suppression indeed appears despite the fact that under the shift S — S + ¢
the operators SXW)N( M change only by a total derivative. Indeed, since SXW)N( m
operators contribute to the divergence of the current associated to the symmetry
under which S shifts [37], they have to vanish if no explicit or anomalous breaking
of the symmetry is present, in order to satisfy the corresponding Ward identity. For
instance, the coefficient of the operator coupling the neutral pion to a pair of photons
in the chiral Lagrangian is exactly that appearing in the divergence of the axial
current computed in the UV.

e PNGB pseudo-scalar with shift symmetry broken by anomaly.

In this scenario, the shift symmetry breaking of a pseudo-scalar PNGB § is in-
duced by anomalies associated with the SM and strong sector gauge fields. The
strength of the corresponding anomalous interaction with SM gauge bosons SX,, X*”
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is proportional to the effective multiplicity of states N ](CX) generating each type of

anomalies. The anomaly associated with the new strong dynamics generates a mass
M ~ (N}/ 2 /4m)m,, with N ¢ independent of the SM anomalous couplings coefficients
N JEX). We thus have enough sources of symmetry breaking to generate the S mass
and the couplings to SM fields. We will therefore assume that PC couplings do not
break the S shift symmetry and do not generate Yukawa-like interactions of S with
SM fermions. One can in principle also consider a variation of this scenario, without
the anomaly related to the new strong dynamics, but with an additional PC-induced
shift symmetry breaking, giving rise to the interaction SGHgq.

3.2 Direct searches

Let us briefly analyze the current status and prospects for the direct detection of the new
scalar resonances. Not aiming at a comprehensive study of this subject, we will concentrate
on the PNGB scenarios, in which a mild S mass does not require any further tuning.

The singlet S can be produced at colliders mainly via gluon fusion. The corresponding
cross section at 13 TeV for g, = 47 ranges from ~ 1pb for M = 500 GeV, to ~ 0.04 pb
for M = 1TeV in the scalar case. These numbers are much smaller in the pseudo-scalar
case, what reflects the fact that the scalar production cross section is driven by the mixing
with the Higgs boson (note, however, that this behavior can be significantly different if
gp is sensibly smaller than 47). The main branching ratios of S as functions of its mass,
in the scalar scenario, are shown in figure 2. All k; couplings have been set to the unity.
The large branching ratio into massive gauge bosons, as well as into the Higgs, is inherited
from the sizable mixing with the latter. Provided the kx couplings remain smaller than
~ (47r)zgﬁ/<aH, the decay rates into WW, ZZ and HH at large M are approximately 50%,
25% and 25%, as suggested by the Goldstone-equivalence theorem. On the contrary, in
the pseudo-scalar scenario, S decays almost exclusively into a pair of top quarks, with the
second largest decay ratio into a pair of b quarks being of the order of 4 x 1074

Previous studies (see for example ref. [38]) have estimated the reach of resonant
searches in the H H channel at the LHC. The most optimistic bound ranges from ~ 0.1 pb
for M = 500GeV to ~ 0.02 pb for M = 1TeV. Searches for ZZ are expected to be
more constraining, the bounds being of order 0.04pb for M = 500 GeV and 0.01 pb for
M = 1TeV. Thus, when accounting for the branching ratios depicted in the figure, direct
searches are not very sensitive to the high-mass region. The latter is better tested by
indirect searches, to which we devote the next section.

On the other side, using 2.3fb~! of integrated luminosity collected at 13 TeV, current
searches for resonances decaying into pairs of tops [39] bound the pseudo scalar production
cross sections at the 100 pb level for M = 500 GeV and at the 3pb level for M = 1TeV.
So, the high-mass region is not expected to be probed in the near future.

3.3 Impact of a scalar S on low-energy physics

In this section, we examine the impact of the singlet S on Higgs physics and compare it with
the generic effects caused by the composite nature of the Higgs boson or due to the heavier
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Figure 2. Main S branching ratios as a function of the mass for the PNGB scalar (in the pseudo-
scalar scenario, S decays almost exclusively into a pair of ¢ quarks). We have assumed g, = 47 and
all k; couplings fixed to the unit. Note that f and m, can then be obtained from the expressions
in table 1.

strong-sector resonances. In practice, we look at the dimension-six operators obtained after
integrating out the singlet S. First of all, we note that the operators with a pseudo-scalar
S do not affect the low-energy dimension-six operators neither at tree nor at one loop
level, hence we will only consider the scalar S scenarios in the reminder of this section.
As already pointed out, integrating out S at tree level increases operator dimensions by
at least one unit for each external S field, with the minimal increase corresponding to a
substitution S — |H|?. This means that the operators O3, O4 and O5 will not contribute
at dimension-six at all. The operators O, Op4 and O3z will only contribute to the |H |6
operator of the Higgs potential. The form of the resulting corrections to the Higgs potential
together with its derivation is given in appendix A, while in this section our main focus will
be on the operators which can affect the Higgs couplings to other SM fields. Corresponding
dimension-six effective operators in the SILH basis [6] are listed in table 2 together with the
estimated size of their coefficients. In addition to the contributions due to .S, we present
the power counting estimates for the generic contributions of the strong dynamics which
are independent of S, and hence relevant for both scalar and pseudo-scalar S scenarios.
Several comments are in order. First, we will not discuss the full basis, but only those
operators which are affected by S. Second, the operator | D, H|* H|* was eliminated by a
field redefinition H — H(1 — «/2|H|?/f?) which also leads to shifts in O, and Op. Third,
the operator |H |2WliVWi M was traded for five operators in table 2 using the identity [21]

2 . .
%’H’ZWIZVWZ“V :4(OW_OB+OHB_OHW)+OW- (3.1)

where in the definition of Oy and Op we used HTﬁHH = HY(D,H) — (D,H)"H. Hence
all five operators generated by S have a coefficient of the same parametric size, which is not
the case for the contributions coming from the Higgs compositeness effects. This difference
can be understood from the fact that the EW gauge couplings g and ¢’ break the Higgs
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effect of scalar S compositeness
generic PNGB effects [+MC]
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Table 2. Contributions of a generic or PNGB scalar S to the dimension-six operators in the SILH
basis, together with the contributions coming from the generic strong dynamics. Coefficients for
the inert scalar can be obtained by multiplying with additional loop factors, as described in the
text. o' are Pauli matrices. ¢; are order-one coefficients. The loop suppression factors in square
brackets apply if we impose MC on the Higgs sector. Except for the two operators Oy and Op,
the effects of S' can potentially dominate over the other strong sector effects if S is sufficiently light
and g, sufficiently small.

shift symmetry, hence generically the shift symmetry breaking operators involving SU(2) [,
and U(1)y gauge bosons, like Oy, Op, Ogp, Ogw do not require loops with y;. This argu-
ment does not apply to O., containing a coupling with two photons |H \nylw’y‘“’ , since the
external photons can not break the Higgs shift symmetry. Hence an additional loop factor
3y?/(4m)? in O, coefficient. This explains why in table 2 the coefficients of the five operators
of eq. (3.1) coming from the generic compositeness effects have different number of y;-loops,
while all the operators coming from S, instead, have to involve a y?/(47)? factor just be-
cause it controls the h—.5 mixing. On top of that, the generic estimate for the size of opera-
tors Ogw and Ogp contains a loop factor gg (477)2 which comes from the MC assumption
as defined in ref. [6] (see ref. [13] for a further clarification). In the following, we will
analyse both possibilities, with and without (“general SILH” of ref. [13]) MC assumption.

Finally, we mention again that all the estimates for the inert scalar scenario, which
are not given explicitly in table 2, can be obtained from those for the generic scalar by
multiplying coefficients kx and (or) kg m1,H2,H3,H4 by a factor N 195 2 /(4m)2.

Now let us turn to the discussion of the phenomenological implications of the operators
in table 2. An exhaustive analysis of the generic Higgs compositeness effects was performed
in ref. [6], hence we limit ourselves to a discussion of the physical effects which can be
dominated by the presence of a new resonance .S. We compare the coeflicients assuming

M?/m? > 3y} /(4)? for a generic scalar and M?/m? > (3y?/(4w)?)? for a PNGB S, i.e.
we require that the tuning of the S mass parameter is not too high. By inspection of the
coefficients in table 2, we find six operators whose coefficients can in principle be dominated
by the contributions of S: Oy, O, Ogw, Oug, Of, On.
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Figure 3. In the shaded regions of the (mﬂ, gp) plane, the contributions to the operators of table 2
P

induced by a PNGB (left from the red line) or a generic S (right from the red line) can become

larger than those of the generic strong dynamics and thus alter the dynamics of the Higgs boson.
3y7
(ar)
and an upper bound on the PNGB S mass. The orange dashed line corresponds to tan fg, = 1 (for

The red line corresponds to M? = = mi, which we take as a lower bound on the generic .S mass

& =0.1) and, to the left from this line, the physical observables start being sensitive to interference
of multiple S-induced operators. The black lines correspond to £ = 0.1, for M = 0.5,...,2.0TeV
(¢ increases towards the upper right corner). Since £ = 0.1 corresponds to the ultimate reach of the
LHC with indirect searches for generic compositeness effects only (in the absence of S), the black
line passing some colored region (i.e. with S effects superseding compositeness effects) means that
corresponding indirect S effects are detectable at the LHC.

Oy, O,. The contribution of S to these two operators can be dominant when M?/ mf, <1

for a generic S (i.e. in the whole regime of validity of our EFT), and when M?/ mz S
3y?/(47)? for a PNGB S. Both conditions require some tuning and correspond to the
same suppression of the S mass with respect to the power counting estimates. They
can be rewritten as kps S 1 (see table 1). The main effect of the O4, O, operators is
a modification of the interaction strength between the Higgs with gluons and photons.
But the observables sensitive to these couplings, such as Higgs 'y, I'y, partial widths,
also receive sizable contributions from the O and O; operators. Hence, it is important
to check under which conditions the S-induced modifications of the Higgs partial widths,
coming from the O, and O, operators, can dominate over the generic compositeness
contributions induced by Og and O;. The latter induce order-£ Higgs boson field
renormalization and top quark Yukawa coupling distortion. Hence, one can expect that
the effective coupling of the Higgs to gluons and photons, mediated by the top loop,
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results in a distortion of order £ compared to the SM expectations:

2
9x Do
0L ~ —X“°. 2
£~ e (3.2)
Comparing it to the S-mediated direct contribution from table 2, we conclude that the

latter can become dominant if M? /m% < 3y?/ g2 for a generic scalar or if M 2 /m2 <
9y}t/(4mg,)? for a PNGB S, which translates into ky < 3y?/ gg for both cases.

Onws, Opp. For a minimally coupled Higgs, one could think that the contribution of S
to the coefficients of these two operators becomes comparable or larger than the generic
estimates when M2/m/2) < 3%2/93 for a generic S, and MQ/mI% < 9yt/(4mg,)? for a
PNGB S. It however seems natural to assume that S is minimally coupled, if the Higgs
is. So, in the case of a generic S, we should then further suppress our estimates for the
SX? couplings by an additional loop factor: kg w5 — kg w,s g5/(47)? (and recover an
inert scalar scenario). No additional factors would be needed for a PNGB S since its
LO coupling to gauge bosons is already loop suppressed. After this modification, we see
that only the PNGB S can give dominant contributions to Qg and Ogg. The main
physical process sensitive to these two operators is the h — Z~ decay.

Q4. This operator can be sensitive to the presence of a PNGB S in the regime where
M2/ m% < 3y?/(4m)?, ie. for kyy < 1. Tt affects a variety of Higgs observables, including
the partial widths of h — qq, h — gg, h — 7, h — Z~ which all receive contributions
from top quark loops.

Op. For this operator also, contributions from S which are larger than that of a generic
strong dynamics only arise in the PNGB case, with ky; < 1. Given that this operator
leads to a Higgs wave function renormalization, it affects all the Higgs decay and pro-
duction channels. It also controls the energy growth of the longitudinal gauge bosons
scattering amplitudes.

Note that, in all cases, the large modifications of Higgs physics observables come at a
price of a large mixing between h and S, defined by tanfpg = kgl%%%% When the
mixing approaches the order-one level, the interferences between BSM operators become
sizable and has to be accounted for when computing their impact on physical observables.
In the generic S scenario, the Higgs-gluon coupling originating from O, can for instance
be written as kg, tan HhS%GWG’“’ and grows with tanfyg. But after having accounted
for the h field renormalization induced by Oy > tan3¢(9,h)?/2, the h-gluons coupling
becomes k, tan 65,5(1 + tan 0,215)_1/ 2%GWGF“’ , hence one achieves the expected result that
the coupling is proportional to sin 65 which saturates to 1.

The effects of S typically lead to order-£ modifications of the various Higgs observables
and distort the pattern of deviations predicted by SILH. Figure 3 highlights the region of
the parameters space where the effects of S dominate over that of the strong sector.
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4 Matching to explicit composite Higgs models

To support the above EFT treatment, we now discuss its matching to two specific CH
models.

4.1 SO(6) x U(1)’/SO(5) x U(1)’

Let us first consider a composite Higgs model based on the symmetry breaking pattern
G/H = SO(6) x U(1)'/SO(5) x U(1)" [11]. The addition of a spectator group U(1)’ is
required in order for the SM-fermion hypercharges to be correctly reproduced, in the same
vein as in the minimal CH model. The ten unbroken and five broken generators, T" and X
respectively, can be chosen to be

1

" = \@(5?15? —6;'67"), m<né€ll5, (4.1)
X = — 5000} = e, me 1,5 (4.2)

The SM SU(2) ., x U(1

~—

y gauge group is thus generated by

1 1
Jl = (" 7 : J2 — (24 _ 13 ’ 4.3

L \{5( ) L \{5( ) (4.3)
Ji = E(T12 + 1Y), Jp = ﬁ(T12 — T3, (4.4)

being the hypercharge defined as Y = J3+Y’ with Y’ the generator of U(1)’. Under the SM
gauge group, the five PNGBs h; transform as a doublet with hypercharge ¥ = 1/2 and a
complete singlet. The former can be thus identified with the Higgs degrees of freedom, while
the latter gives rise to S. The dynamics of the PNGBs is dictated by the Goldstone matrix

U—exp{—z‘f hiX’} . (4.5)

In the unitary gauge, it can conveniently be written as

13x3
1 h? B hS h
24+ f/f2-h2—-82 24 f\/f2—h2— 52 f
U=
_ 1 52 S
24 f\/f2—h2— 52 24 f/f2—h2 — f
h S 1
_r _2 Ny Py
f f f
(4.6)
After having integrated out the heavy states of the second site, the Lagrangian of the model
reads
f2
L= ZTI‘(deM) + Lyvukawa — V, (4.7)
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where d,,'* is the projection of the Maurer-Cartan one-form w,, = iU 1D, U into the broken
generators 1", while Lyyuawa and V stand for the Yukawa Lagrangian and the potential,
respectively. The first term is completely fixed by the coset structure:

2 2
J; Tr(d,d") = (D, H)'D'H + = (a S)? + 2f2 O (HH) + %OHSQ SEERE (4.8)
where the ellipsis stands for higher-order terms in the 1/f expansion.

Lyukawa and V' instead, depend on the elementary-composite fermion mixing [4]. For
concreteness, we assume that only the third generation quarks sizably mix with the strong
sector, tr being fully composite while q7 mixes with a single composite resonance trans-
forming in the symmetric representation 20 of SO(6). (It turns out that this is the minimal
setup for which the leading term in the potential expansion in spurions [4] can lead to EW
symmetry breaking.) The left-handed third-generation quarks, q;, = (t1,bz)” can hence
be embedded in the following multiplet:

b by,

—icby by,

04x4

1 Ctr, itg
QL—ALbL+ALtL—§ , (4.9)

iCtr, —tr,

Cbr, —iCby, Ctr, iCtr,
02x2

by,  br it —tg

where ( is a free parameter that we take to be real. This makes of S a well-defined CP-odd
state. The Yukawa Lagrangian can then be written (up to order 1/f2) as

Lyukawa = ;EiRUYT%IUYT%JQIJ+-hC
- |H|>? S? S~
Besides, the potential can be written as
2 2
V=Cif* Y |UDer(U)es(ADY| +Cof*> (U ar(UT)ss (M)

oy [erHP o+ [HPS (- 1>]

2
+Ch [1 + %\HP((Q —7)+4[H[* +2|H|?S?*(1 — ) + f28%(¢% - 1)} , (4.11)

"The term szTr(dud“) can be obtained from the Goldstone bosons kinetic term (2.15) of the two-site
model after integrating out the heavy vectorial resonances.
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C1 and Cy being free dimensionless parameters. These can be traded for the measured
values of the Higgs VEV, v, and the quartic coupling, A. Thus,

2
V =2 H2 + NH[* + \f2(1 - 2¢) (EQ — ?1))52 + %(1 — CHAS?|H|2. (4.12)

SO(6) admits anomalous representations, for it is locally isomorphic to SU(4). They
would manifest as a Wess-Zumino-Witten term which, in first approximation, is given
by [11, 40]

r n_ S 2p B 21171 i MY
WZW = 1672 ? 91 Buv - 92WWWZ' ) (4.13)
with n an integer number. Further subleading contributions from SM fermion loops can
generate corrections to this term, as well as SG? interactions. In summary, leading-order
estimates for the coefficients of the relevant operators are:

SB? SW2 SG* SqHq S|D,H|* S|HJ? S?
2 2 2
ngy gy _,th 201 _ ¢ -1
16r2f 16r2f 0 Z—f 0 0 2Af7(1 —2¢) <C2 —3

The fact that S|H|? and S|D,H|* are both vanishing is a consequence of the pseudo-
scalar nature of S. However, even for a complex ¢, S|D,H |2 vanishes to a first approxi-
mation, given that the coset is symmetric and hence no term with an odd number of fields
is generated in the sigma model. Note also that, for ( = 0, S becomes stable, while ( = 1
makes S massless for the corresponding Goldstone symmetry remains unbroken. For inter-
mediate values like ( ~ 0.5 and for f ~ 2TeV, the singlet mass becomes Mg ~ 500 GeV,
in good agreement with our expectations of equation (2.6).

4.2 SO(5) x U(1)g x U(1)//SO(5) x U(1)’

A different coset also leading to an EW doublet plus a singlet is the SO(5) x U(1)g X
U(1)'/SO(5) x U(1)’, considered in ref. [40]. In this coset, the doublet h; arises from the
SO(5)/SO(4) breaking while the singlet S is associated with the breaking of U(1)g. The
coset space SO(5)/SO(4) may be parametrized by the Goldstone matrix

U:exp{i‘f h,-X’}, (4.14)

where X' are the four broken SO(5) generators [4], while the S dependence is simply given
by exp(iv/2S/ fs). We note that, in this case, S has its own decay constant, fs. In unitary
gauge, U is given by

1343

(4.15)

~
|
|z

— 24 —



As before,

f—QTr(d d") + f—gw eif%SP = (D, H)'D'H + 219 (H'H)? + 1(a S) 4. (4.16)
1 1 4 19 = W 952" o O :

In this case, the coset structure does not mix S and H. For the matter representations,
any consistent embedding of the fermions in SO(5) multiplets with definite charge under
U(1)" and U(1)s may be considered. For simplicity, we restrict ourselves to the case of the
MCHMS5 [26, 41], where each quark is embedded in a 5 of SO(5). As before, we consider

only the top sector. The embeddings are

Zq Zr
—br, 0
ibr, 0
Q 1 Tp = (4.17)
L — \/é tL ) R — 0 ) .
—ity, 0
0 tr

2
3

W

where the subscript refers to the charge under U(1)’, while the superscript is the (arbitrary)
charge under U(1)s.
The top Yukawa Lagrangian is given to leading order by

— =8
ﬁYukawa = _yTQLHtR 1+ ’L\/ig(ZQ — ZT) + h.c.. (418)

In order to generate a non-trivial potential for S, it is necessary to mix the quarks with at
least two copies of the composite sector operators, with different charge under U(1)g. The
simplest way to do this is to assume that the right-handed top mixes with two different
fiveplets of SO(5), w(Ll’z), carrying charges Z:(pl) and Zi(p2), but the same U(1)" [40]. The
relevant mixings are then given by

V2=

~ — /a8 71 ivaS 7(2)
Lonte = AMQuUE 570y 4 NP TPUE 2157 VTS

¢(LZ) + h.c.
' (4.19)
It can be seen that, if one of the )\%) vanishes, the dependence on S may be eliminated by

NSl i)

choosing the charge of the right-handed top to equal that of the remaining @ZJ(Li). For two
mixings with operators of different charges, this is no longer possible and the U(1)g are
collectively broken. Although interactions involving the light quarks have been omitted, we
have implicitly assumed diagonal mixings in order to avoid flavor-violating effects. It should
be stressed, however, that contrary to scenarios in which all elementary fields mix with only
one composite operator, this is not generally expected from the renormalization group
evolution of anarchical couplings in the UV [4]. Instead, further assumptions should be
made, such as additional symmetries in the UV, like those proposed in [42]. For example, we
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could choose flavor universal Zg together with Z}l) = Zj(?). In such a case, as argued above,
the S potential would vanish and hence it should come from sources other than partial
compositeness, for example anomalies. A different possibility is making Zg flavor universal
and )\g) x )\g). This second assumption may also be promoted to a discrete symmetry in
the strong sector under exchange of the (1) and (2) indices. Under it, we have )\g) = )\g)
(and also other strong sector parameters depending on (1) and (2) should be equal). Of

course, this symmetry must be broken by the different Zj(f), otherwise the S potential is
trivial. In this case, eq. (4.18) is still valid with the replacement Zp — (Z:(Fl) + ZZS?))/Z
For simplicity, we will assume this symmetry in the table 4.2 below.

Under these assumptions and to leading order in the mixings, the potential has the
generic form:
P (61 + pactpy L et 420

f2 S f4 YCs ( : )

where cl? = cos(\/iS(Zj(}) - Zj(?))/fs). The functions «;, B;, 7 encode the composite
sector resonance contributions to the spectrum and may be straightforwardly computed in a
holographic or N-site model. Assuming real parameters, the leading contributions to these
functions scale with the top mixings as a; ~ (Ar)?/2 — (()\g%l))2 + (Ag))z), Qg ~ )\g))\g),
B~ LA+ LA, B2 ~ (AL)PARAD v ~ AAE.

One may find a non-trivial minimum for
|H|? a1+ ay

P T B s 2y

e ==+1, s =0,

given some tuning of the parameters.
Once a tuning is made for the Higgs VEV and mass, the mass of .S is given by

2 (1) (2)y2

ME= gs‘,;’VEV = :FQM(’Y + g — Ba2?), (4.22)
I3
which is finite for & — 0 and so leads to a typical mass of S of the size of an untuned
PNGB. We also note that, since the potential is even in S, no mixing operator SH? arises,
as expected from CP conservation.

In terms of the physical masses and Higgs quartic coupling, we find the potential is
given at leading order in £ by

Vo~ 2 H? + MH + (2 — 219)2 252

M2 2~/ 2 Z(l) _Z(2) 2
+ (2/;— s Tuz r) ANH|?S? 4., (4.23)

where in order to display explicitly the mass dimensions we rescaled v — ~/ fé, with 7/ a
dimensionless constant.

For completeness, we note that the quartic interaction of S (in the broken EW phase)
is given by 2M§(Zq(ﬂ1) = Z}Q))Q/fgS4 and gets a contribution from the |H|2S* and |H|*S*
higher-dimensional operators not listed above.
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Finally, depending only on the quantum numbers of the strong sector, one generically
finds an anomalous coupling of S to all the SM gauge bosons, given at leading order by
the triangle diagrams with one U(1)g and two SU(3). or SO(5) generators:

S

1
Lwzw = 1672 fs (4.24)

(33 G GO 1 + oW, W' 4 163 B B ).
This is in contrast with the SO(6)/SO(5) coset, which lacks an anomalous coupling of S
to gluons or photons [40].

In a simple two-site model where the strong sector operators are interpolated by vector-
like fermions, one finds the ¢; scale as in ref. [43]:

2 2 2 9
C3 = ngnfdQIE}, Cy = ngnfdg,Iz, Cc1 = ngTlfdegY s (4.25)

where Z; is the arbitrary U(1)g coupling of the vector-like fermions, ny is a number
of composite generations, do3 and I3 3 are dimension and index of the fermions under
SU(2)r,SU(3). respectively, and Y is the hypercharge. For a reference multiplet of top
partners of MCHMS5, with Z; = 1, this results in ¢; ~ 2,2 = 2, c3 ~ 6 per generation.

We may then summarize the relevant operator coefficients in the following table:

S B2 ST?2 SG2 SgHq
c1g; 293 395 N2y g (2P+22)
].67'(2f 167T2f 167T2f fS Q 5
SIDLHI 5? S|H[? 52|
(D _ (2.
0 (Z;(pl) _ Z:(rQ))27'f§ 0 A (;‘fé _ W)

5 Conclusions

Solutions to the gauge hierarchy problem often predict a set of new physics states not far
above the electroweak scale. The first observed such state could most probably be accom-
modated in a plethora of explicit models. It would thus be desirable to adopt an approach
allowing to derive the crucial features of the underlying theory without considering explicit
models in all their variety and details. Aiming at capturing a large class of possible TeV-
scale completions of the standard model, the composite Higgs scenarios, we addressed the
case of a first spin-zero electroweak singlet S discovery. We used an effective field theory
in conjunction with the relevant power counting to estimate the magnitude of observable
effects. This theoretical bias connects the pattern of potential signals to the structural
features of the UV dynamics.

We distinguished scenarios featuring a new, CP-even or -odd, PNGB or generic com-
posite resonance. Our description of several classes of models within a single framework
allows to compare them and judge their respective viability. The effects of the rest of the
strong sector was captured through two parameters, namely a typical mass and a typical
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coupling, as well as selection rules. The scaling of operator coefficients with these param-
eters was encapsulated in the power counting (2.10) which the known classes of explicit
UV-complete composite Higgs models were shown to reproduce. We construct bases of
dimension-five operators at most, compatible with this power counting, for the different
hypotheses about the nature of S. In doing so, we identified and addressed several problems
related to the elimination of redundant operators in the presence of two coupled spin-zero
states among which at least one possesses an approximate shift symmetry. The solutions we
discussed may find other applications: in the construction of a basis of higher-dimensional
operators, for an opposite mass hierarchy between H and S, or for S featuring additional
symmetries such as in EFT approaches to a strongly coupled dark matter particle [8, 44].

Besides the direct production and decay of S, we discussed its hypothetical implications
for Higgs observables. They could be sizably altered by a CP-even S, because of its mixing
with the Higgs. The contributions of S to the Higgs couplings could distort the SILH
pattern produced by a generic composite sector when the parameters of the S Lagrangian
are non-generic and, in particular, when the S mass deviates from its power-counting
estimate. In general, all the S scenarios we considered have important implications for the
Higgs sector and its naturalness. How natural the electroweak symmetry breaking appears
in each case thus provides an additional tool to assess their plausibility.

Acknowledgments

We thank Roberto Contino, Giuliano Panico, Alex Pomarol, Arcadi Santamaria and Lewis
Tunstall for useful discussions. C.G. is supported by the European Commission through the
Marie Curie Career Integration Grant 631962 and by the Helmholtz Association through the
recruitment initiative. L.L. acknowledges support by the Sao Paulo Research Foundation
(FAPESP) under grants 2012/21436-9 and 2015/25393-0. M.C. is partially supported by
the Spanish MINECO under grant FPA2014-54459-P and by the Severo Ochoa Excellence
Program under grant SEV-2014-0398.

A Integrating out S

In this section we present a procedure to integrate out the scalar state .S, and provide a
resulting scalar potential for the Higgs field. We will consider the S Lagrangian of the
following general form

|
Ls =S (0uS)? + S + 43S + 13 S° (A1)

where pf' can contain constant terms and operators. Minimizing it with respect to the S
field configurations we find

g1+ (25 — 0)S + 3p35% = 0 (A.2)

We assume that the expansion of (A.1) in S is around the true vacuum, i.e. (S) = 0, and
consequently there is no S tadpole, or, equivalently, no constant term in u:f. Hence the
leading contribution to u has to be proportional to the lowest dimension singlet combi-
nation of the SM fields — |H|?, while the other u? can contain the constant contributions
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with the size around M or m,. Hence (,u‘z’)l/?’ < (u%)l/Q,ug, and we can search for the
solution for S as an expansion in powers of ,u‘I). The lowest order term of this expansion
is proportional to |H|? and hence, aiming at obtaining a dimension-six Lagrangian after
integrating out S, it is sufficient to consider the Lagrangian (A.l) containing the terms
up to S3.

considerations above are sufficient to write down the desired solution for S

2
1 3
(D - 2M%M> MB]

Now the p}' coefficients can be matched to the Lagrangian of table 1. Then substituting the

It also follows that it is enough to retain in S the terms up to (u3)?. The

1
SH+

S =
0 —2p3

A.

expression for S (A.3) back into eq. (A.1) allows to reproduce the dimension-six low-energy
operators for the Higgs physics of table 2. In addition we get the following correction to

the SM Higgs Lagrangian p?|H|?> — \|H|*
generic S PNGB S
kr (47r) K2 (47r)2 f4M2 + 2X\ky f2M2} kmikio (?2;)4 f4;[2
|H|® +k CE e kY ki
o (4 s [k3f4]\846 kaTJ\?/}J +k§’ﬂk3a7y)t8ﬁm—]36

Notice that the operators |H|* and |H|% received corrections after the field redefinition
H — H(1—«/2|H|*/f?*) used to remove the operator o|D, H|?* H|?.
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