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ABSTRACT: The dilaton is predicted in various extensions of the standard model containing
sectors with an approximate spontaneously-broken conformal invariance. As a Goldstone
boson of a spontaneously broken symmetry, the dilaton can naturally be one of the lightest
new physics particles, and therefore may be the first new physics imprint observed in collider
experiments. In particular, it can arise in composite Higgs models which are often assumed
to have approximate conformal invariance in the UV. The dilaton is then a composite state,
generated by the same sector that produces the Higgs. We continue the exploration of
composite dilaton signatures at the LHC, using the latest experimental data and analysing
the future detection prospects. We elaborate on the connection of the dilaton properties
with the properties of the Higgs potential, clarifying in particular the relation between the
scale relevant for electroweak fine tuning and the scale controlling the dilaton couplings.
This relation is then used to derive the experimental sensitivity to the dilaton in natural
composite Higgs scenarios, which reaches ~ 3TeV in dilaton mass for generic parameter
choices. At the same time, we show that dilaton searches are a complementary direction
to probe Higgs boson compositeness, with the sensitivity comparable or exceeding that of
Higgs coupling measurements.
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1 Motivation

The dilaton is a well-motivated new scalar particle that could appear around the TeV scale.
It can arise for example in composite Higgs models addressing the Higgs mass naturalness
problem and their 5D holographic duals.! In this context, it can play a prominent role for
dark matter phenomenology [2-4], serving as a portal to dark matter. Another important
property of the dilaton is that it naturally drives a strong cosmological first-order phase
transition [5-7], leaving a very large signature in gravitational waves [8]. It is also a
leading candidate for motivating supercooled phase transitions with unique cosmological
implications such as cold baryogenesis [9], baryogenesis from strong CP-violation [10],
QCD-induced electroweak phase transition [11, 12], intermediate low-scale inflationary
stages [6, 12, 13] and modified dark matter abundances [4, 12, 14]. Another intriguing
feature of the dilaton is its possible link to flavour physics and the fermion mass hierarchy,
and the possibility to induce baryogenesis from varying Yukawa couplings [15-17]. The

More precisely, the composite dilaton is dual to the radion of the Randall-Sundrum models [1].



interplay of the dilaton potential with the Higgs potential and the consequences for the
electroweak phase transition and electroweak baryogenesis were studied in detail in [16-18].

The dilaton is the Goldstone boson of spontaneously broken conformal invariance [19-
23]. Featuring the Goldstone symmetry protection, the dilaton can be significantly lighter
than other new physics states, with a mass suppressed by the parameters breaking the
conformal invariance (e.g. beta-functions of slowly running couplings), and hence could
be the first directly observed new-physics particle. In particular, a light dilaton was
obtained explicitly in certain 5-dimensional models which could be dual to 4-dimensional
strongly-interacting theories [19-23]; the appearance of a light composite resonance was also
observed in the lattice simulation of QCD-like theories with a large number of fermionic
flavours [24, 25]. The collider phenomenology of the dilaton has attracted a lot of attention
in the past [2, 3, 26-48]. In this work, we present an update of the experimental bounds
on the dilaton by interpreting the latest LHC exclusion limits, and also show the HL-LHC
sensitivity projection.

Our analysis is focused on scenarios where the Higgs boson is a composite state and
arises as the Goldstone boson of some spontaneously broken global symmetry [49]. These
composite Higgs models are motivated by the gauge hierarchy problem, and often assumed
to feature an approximate conformal symmetry in the UV [50]. This can result in a
composite dilaton with O(100GeV) — O(1 TeV) mass, generated by the same sector which
produces the Higgs. Since the main underlying motivation for a dilaton in this case is the
electroweak (EW) scale naturalness, it is suggestive to investigate in detail the implications
of naturalness for the properties of the dilaton. We use a unified framework for the
description of the composite dilaton and Higgs boson, based on the constraints imposed by
the presence of spontaneously broken conformal and flavour symmetries of the new-physics
sector. Additionally, we impose relations between different parameters derived from a
large-N expansion, assuming that the underlying new strongly-coupled theory is SU(V)
Yang-Mills. This minimal number of assumptions allows to draw valuable conclusions on
the dilaton couplings and use them to confront this scenario with experimental data.

The paper is organised as follows. We set up the effective description for the composite
Higgs and dilaton in section 2. In section 3 we list the dilaton interactions which are most
relevant for collider experiments, and use them to derive experimental bounds in section 4.
We discuss our results in section 5.

2 Effective description for dilaton+Higgs

2.1 Dilaton description

We will assume that the composite sector is approximately scale-invariant in the UV, but
contains operators whose coefficients slowly run with energy. Such a slow running eventually
results in the confinement at the O(TeV) scale, which can then be interpreted as a scale of
spontaneous breaking of conformal invariance. The spontaneous breaking in turn results
in an associated parametrically light Goldstone boson — the dilaton [19, 21, 22], whose
VEV is related to the confinement scale. The fact that the dilaton mass (suppressed by the
size of the explicit scale-invariance breaking) can be parametrically lower than the mass of



other composite new physics states, allows us to concentrate, for the purpose of dilaton
collider phenomenology, on the dilaton interactions with only the standard model (SM)
states. These will dictate both its production and decay. We will therefore consider an
effective field theory (EFT) where the heavy composite states are integrated out.

The dilaton couplings can be deduced from the energy scaling properties of different
operators. Simplistically, the construction of the EFT Lagrangian can be understood as
follows (see e.g. [51] and references therein for similar discussions on the dilaton EFT).
Scale invariance is spontaneously broken if the theory features a scalar operator which
gets a non-zero vacuum expectation value (VEV). In the limit of weakly broken conformal
invariance the field excitations around this VEV should correspond to a light state — the
dilaton. More precisely, we will use the parametrisation where the VEV of the dilaton field
X sets the scale of conformal-invariance breaking,

(X) = x0 #0, (2.1)

while the physical dilaton quanta correspond to the excitations above this background,
dx = x — Xo- Other states of the conformal sector acquire a mass o xq, of order a few TeV,
and will be integrated out from our EFT. The EFT then contains the SM states (which we
assume to not be part of the conformal sector) and the conformal sector states whose mass
is protected by some symmetries, such as a dilaton, and the Higgs which we discuss in the
next section. At the same time this EFT does not feature conformal invariance anymore.
However, treating x as a dilatation symmetry-breaking spurion, transforming as y — x =y
under dilatations x,, — k x,, we can derive the form of the EFT interactions, by requiring
the operators to be formally scale-invariant. For example, assuming that the SM fermions
acquire mass from the dilaton VEV we can derive their interactions with the dilaton

) _ Sy -
Loy =mhte > myi = my {1+ ;5} o, (2.2)

where we used that the scaling dimension of a fermionic bilinear operator 1 is 3, the
dimension of d*z in the action is —4 and hence one dilaton insertion is needed to recover
scale invariance. Furthermore, additional interactions can be generated by the sources
of explicit scale invariance breaking in the conformal sector. For example the fermionic
mass m,, can be proportional to a Yukawa coupling Ay which runs with energy. At the
condensation scale y the new-physics degrees of freedom other than the dilaton should
become heavy and hence decouple from the RG evolution. To account for their y-dependent
contribution in the running till that scale we should then use
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where the term in square brackets only includes the contribution to the running from the
decoupled conformal field theory (CFT) degrees of freedom. This introduces the following
additional contribution to the dilaton interaction
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Finally, the dilaton couplings can be altered in the presence of mass mixing between the
dilaton and the Higgs boson. The diagonalisation of the Higgs-dilaton mass matrix amounts
to a redefinition

Y = X0+ coX — sgh, h=v+coh+ 5%, (2.5)

where 1 and X are the mass eigenstates. Assuming that the mass of the fermion ¢ scales
like (as typically the case in Composite Higgs models)

my o sin(h/ f) (2.6)

with f being the Higgs decay constant (more on that in the next sections), we find that the
leading interaction of the dilaton-like mass eigenstate is given by

! <1+[M CFT>}+..., (2.7)

Xo 0log 11
where we neglected (v/f)? corrections. For the pseudo-Goldstone Higgs boson the mixing

- . 1
L, — mwwwx{.sev—f-c,g

angle 6 is vanishing in the limit of exact scale invariance and hence is sensitive to the explicit
breaking of the latter [17, 51]. We will discuss the mixing in more detail section 2.3.

Following these simple rules, in section 3 we will write down explicitly the relevant
dilaton couplings to SM states.

2.2 Connection to the Higgs potential and EW scale naturalness

We have discussed generic features of the dilaton interactions with SM states external to the
CF'T sector. We will now assume that the Higgs boson is a composite state produced by the
CFT dynamics. To ensure its lightness compared to other CFT states with mass mcpr o X0
we will consider the case that the Higgs is a pseudo Nambu-Goldstone boson (NGB) of
some approximate flavour symmetry G of the CFT sector which is spontaneously broken to
a subgroup H at the CFT condensation scale. For example the minimal SO(5) — SO(4)
breaking pattern [52], with the SM SU(2)z, embedded into SO(5), gives exactly four NGBs
allowing to form the complex Higgs doublet. The Higgs compositeness which we assume
here allows to address the EW scale naturalness problem, up to a relatively small residual
fine-tuning [53]. In this section we will discuss how this fine-tuning is related to the
dilaton couplings.

The Higgs potential is generated by the couplings which explicitly break the G invariance,
and include the SM gauge couplings and the top quark Yukawa coupling.? The resulting
one-loop scalar potential has the following form at the leading order in elementary-composite
interactions [49, 54]

Vi = asin®h/f + Bsin* h/f, (2.8)

where f is the scale of G — H symmetry breaking. As we will discuss later, this scale can be
parametrically different from the scale xg. By expanding the trigonometric functions in the
above formula, one sees that f controls higher-order interactions of the Higgs boson, which

2The EW symmetry group is embedded into G but the SM states only form incomplete G-multiplets,
hence their interactions break G.



are absent in the SM. Analogous higher-order interactions appear in all Higgs couplings,
and are constrained by experimental data. Currently, the parameter ¢ = (246 GeV/f)? is
restricted to be around or less than 0.1 [53], or, equivalently

£ =800 GeV. (2.9)

At the same time, the Higgs VEV is dictated by eq. (2.8) and reads h? = —(1/2)(a/) f2.
The Higgs VEV is then expected to be of order f, unless o and g are finely tuned, since one
generically expects a > 3 in this type of theories.? The corresponding degree of unnatural
fine-tuning is given by &: weaker tuning requires larger £ and lower f. The parameter f
hence has a paramount importance for Higgs physics and EW scale naturalness. We will
now discuss how it is connected to the dilaton scale xg.

To gain parametric estimates of the properties of the conformal sector we assume that
it behaves as an SU(N) confining QCD-like theory. The parameter f corresponds to the
VEV of some condensate transforming non-trivially under the global symmetry group G
and breaking the latter spontaneously. We will therefore associate f with an analogue of
the quark-antiquark condensate, with its excitations (such as the Higgs) corresponding
to meson-like states. The dilaton scale x, on the other hand, corresponds to the VEV
of a condensate which can a priori be neutral under G, and whose excitations can be
either glueball-like or meson-like states. Although in the analyses based on the AdS/CFT
correspondence the dilaton follows the glueball-like behaviour, we retain the meson-like
option to be able to capture a more general class of theories. As a matter of fact, most of
the previous studies of dilaton phenomenology in the composite Higgs context were equating
f and xo which, as we discuss below, corresponds to a meson-like .

According to ref. [56], in an SU(N) theory, each canonically normalised meson field
enters the Lagrangian with a factor of 1/ Vv/N, while each glueball field is accompanied by
1/N. This can be reflected by defining the following couplings for mesons and glueballs

Jmes = 47’[‘/\/N, YJglue = 47T/N’ (210)

where the factors of 47 are chosen to reproduce a fully strongly coupled theory as N — 1.
At the same time, ref. [56] shows that the masses of meson- and glueball-like states do not
scale with N. Using dimensional analysis one can then recover the scaling of the VEVs
(...) of the different condensates with N:

(meson) o Mhmes VN,  (glueball) Melue N, (2.11)
9mes YJglue

This implies the following N-scaling relation between the decay constants of the Higgs and
the dilaton

f o 2y, (2.12)

YJmes
where gy = gmes(gglue) for a meson (glueball) dilaton (see [17] for an alternative derivation
of this N-scaling). In the case of a glueball-like dilaton this becomes

f o< xo/V'N (glueball-like dilaton), (2.13)

3See e.g. [55] for a proposal which could remove this tuning.



allowing for xg to be much larger than f for large N. For a meson-like dilaton, on the other

hand, we find
f < xo (meson-like dilaton), (2.14)

independent of N.

An intuitive way (although eventually based on the same large-N counting) to derive
the v/ N-enhancement of the gluon condensate (2.13) is the following. Let us assume that
the conformal symmetry breaking is driven by the gluon condensate x, which also interacts
with a quark-antiquark condensate o and sets the scale of the latter. According to the
large-N counting [56], the glueball-meson scattering amplitude is 1/N? suppressed, while
the meson-meson scattering amplitude goes like 1/N. The corresponding potential would

Schematically look like
L oo o, 1oy
V. X E NM , (2.15)

which leads precisely to the dependence of f on the dilaton VEV derived above: f = (o) ~
(x)/VN.

Finally, an analogous relation between yo and f can also be derived based on the
AdS/CFT correspondence using 5D dual models. In this case the NGB composite Higgs
can be modelled by the 5th component of a gauge field propagating in the bulk. The Higgs
decay constant frg is then given by [52]*

2
frs = prs—~=, (2.16)
95Vk
where prg is the VEV of the radion and g5vk approximately equals the coupling of KK
modes of the bulk gauge field [57]. These KK excitations should correspond to meson-
like composite states in the 4D dual theory, and hence we fix g5svVk = gmes. Assuming
that this coupling follows the large-N estimate, gmes = 47/+/N, one obtains the relation
frs  prsVN. This scaling can also be derived by an explicit string theory computation,
see e.g. [58]. Now, switching to the canonically normalized radion firs = v24pRrs/ gy, dual
to the dilaton x, with g, = 47 /N fixed by AdS/CFT, we get
2 gy 0.4

= [IRq —— ~ [lpq——. 2.17
JRs = [irs NI ARS Wi (2.17)

This has the same N-dependence as was obtained in eq. (2.13), up to an overall order-one

factor. Generally speaking, the large-IN expansion allows to estimate the size of various
quantities only up to order-a-few factors. To account for this ambiguity we introduce a
coefficient ¢y, in eq. (2.13), such that the relation between xo and f reads

X0 = Chy (g;“eS') f=cnyf (2.18)

X

VN for glueball-like dilaton
for meson-like dilaton.

In the following we will let cp,, vary within an order-one range.

4We skip a proper introduction to the higher-dimensional dual theories which is beyond the scope of this
paper, but can be found in numerous reviews.



2.3 Dilaton-Higgs mixing and minimal mass splitting

The dilaton and Higgs phenomenology depends significantly on the mass mixing between
the two fields, as we will discuss in detail in the next sections. This mass mixing can only
be induced by operators which include both sources breaking the Higgs shift symmetry
and those breaking conformal invariance [17, 51]. Indeed, in the absence of Higgs-shift-
symmetry breaking the Goldstone Higgs can not have any potential at all. While in the
absence of conformal-invariance breaking the Higgs-dependent part of the potential reads
Vi < X2V (R/f), with 0,V (h/f) = 0 in the minimum of the scalar potential. Hence the
mass mixing 0,0, V4, vanishes too.

The main source of Higgs-shift-symmetry breaking is the top quark Yukawa coupling,
while for the breaking of conformal invariance we can single out two distinct types of sources.
The first one is the breaking induced by interactions of the (nearly) conformal sector, and
the second type comes from the breaking induced by coupling the conformal sector with
external elementary fields. The main practical difference for the purpose of our discussion
is that the latter type can a priori be unrelated to the dilaton mass, as we discuss in
the following.

We will use the following estimate for the mass mixing

w2 e m? x| 220 ] s o + o] X | (2.19)
by = m, 1672 Ycomp T Yelem Yo . :
The factor
m? = ghest? = X0/ Chy (2.20)

is a generic coefficient of mass-dimension-two operators generated by the composite sec-
tor [56] if no selection rules or symmetry suppression apply. The first square brackets
in (2.19) contain the estimated size of the Higgs-shift-symmetry breaking induced by a loop
with an elementary top quark. The two parameters in the second square brackets, Ycomp
and Yelem, parametrise the conformal-invariance breaking induced by the nearly-conformal
sector itself, and by its interactions with the elementary states, respectively.

The parameter ycomp is related to the dilaton mass. Indeed, the general form of the
dilaton potential in the presence of a scalar CFT operator O, with a running coefficient
e(p) is

Vi = gix* + g2e()x™. (2.21)

This results in the dilaton mass m? ~ Yeompmn? [17], where Yeomp = Ye = dloge/dlog p.
Hence an insertion of a conformal-invariance-breaking operator O, in a loop diagram
produces a factor €(x) ~ €(x0)(1 + ve(x — x0)/Xo0).- The non-trivial dependence on the
dilaton thus comes with a factor v, ~ mi /m2.

The second source of conformal-invariance breaking, corresponding to Yelem, is assumed
to be generated by interactions with the elementary fields. For example, if the top quark
Yukawa coupling varies significantly with the dilaton VEV, we obtain Yelem ~ 0log A¢ /0 log p.
Note that, unlike Ycomp; Velem can only contribute to the dilaton mass due to loops with
elementary fermions, hence the contribution of Yejem to mi has to be suppressed by a loop



factor. We therefore assume that the dilaton mass is mostly determined by comp, while
Yelem 1S not constrained and can, in particular, be greater than ~.omp and give the main
contribution to the mass mixing term m,%x. This is expected to happen for example in the
models of refs. [15-17].

Finally, the factor f/xo in eq. (2.19) can be deduced from dimensional analysis [17],
and in the case of a glueball-like dilaton represents the expected 1/ v/N-suppression of the
glueball-meson mixing.

Let us now discuss the effect of the mass mixing term on the mass diagonalization.
First of all, diagonalizing the mass matrix {{m?%,, m%x}, {m%x7 miX}} — diag{m?, mi} we
see that the dilaton-Higgs mass splitting should satisfy

m2 —m3| > 2fm3, | (2.22)

otherwise obtaining the desired dilaton mass is not possible. Furthermore, the mixing angle
between the dilaton and the Higgs is given by [59]

4
th

1
sinf]=— [1—,|1—4 ~
| | V2 $ (m?c —m3)? ’mi -m2

where in the last step we have expanded for small mass mixing. The mixing angle grows as

2

: (2.23)

the mass difference |m2 — mj| approaches 2[m%xl. Hence generally, the constraints on the
deviations of the Higgs couplings from the SM, which are sensitive to sin @ (see section 3.7),
are expected to exclude a larger part of the parameter space than the minimal splitting
condition. As we will show in the following, a moderate value of Yelem excludes a significant
fraction of the model parameter space at low dilaton masses.

3 Dilaton phenomenology

Let us now write down explicitly all the relevant dilaton couplings to the SM states. To fix
the conventions, we parametrise the transformation to the mass eigenstates fz, X by

X = X0+ coX — soh, h=vcu + coh+ sp% (3.1)
where sg, cg are the sine and cosine of the mixing angle and

sin(ven/f) = vsm/ f (3.2)
with vgy = 246 GeV. The relation in eq. (3.2) is due to the fact that the NGB Higgs enters

the Lagrangian in the form of trigonometric functions such that e.g. my = g f sin(vcn/f)/2.
To evaluate the LHC bounds on the dilaton we will use the dilaton couplings and the
partial widths detailed below, derived using the arguments presented in the previous section.

3.1 Fermions

For definiteness we will assume the following form for the fermionic mass terms

£o —j/%(x/xO)f sin(h/ £, (3.3)



although the trigonometric dependence on the Higgs VEV can take different forms, depending
on how the elementary fermions are embedded into the group G. The Yukawa coupling Ay,
can significantly run with energy in the CFT regime and we define’

Yy = [01og Ay/0log plcpr. (3.4)

The expression for fermion-dilaton interactions was derived in section 2.1 and we only make
it more precise by adding the terms subleading in v?/f?%:

ED—Zj\/%{sm/l—ng/fQ—|—09(1—|—7¢)1§24}¢¢)2+h.c. (3.5)

P
Y _
—E:;%Hi¢¢2+h£. (3.6)
P

Here the presence of a small v2/f? correction is specific to the NGB Higgs, while the other
terms are generically expected for the dilaton interactions. The parameter K}i defined in
the last line is the ratio of the dilaton-fermion coupling to the SM Higgs-fermion coupling.
The corresponding dilaton decay width at leading order is given by [61]

3/2
Nc GFm m2
X

where N, = 1,3 for leptons and quarks, respectively, and Gp = 1/ \/ing

3.2 Massive vectors

The mass of the W boson is given by

2
L5 L2 sin®(h/£) 03 1xE) Wl (3.8)

and similarly for the Z. Applying the sequence of derivations from section 2.1 to eq. (3.8)
we obtain the dilaton interactions

o 1
£32*:{w¢f—@mﬁﬂ+wﬂl+vw>%M}(m%W@F+m%ﬁ> (3.9)
USM X0 2

_ o X X 2 2, 1 o 2)
=2 W, -m,Z 3.10
vart Ky (mw\ ul +2mz R (3.10)

where k{; is the ratio of the dilaton and SM Higgs couplings to massive vectors. The quantity
2 parametrises a possible scale-invariance-breaking contribution of the nearly-conformal
sector to the renormalisation of the h2W?2 operator.

Additionally, the kinetic terms of the EW gauge bosons,

1 1
L5 =Wk, W — 2B, B", (3.11)

®In the simplest case of partial compositeness [60] the Yukawa interactions are proportional to the product
of the mass mixing between the composite states with the left- and right-handed elementary fermions, yr g,

so that vy = vy, +Yyg-



can also give rise to interactions with the dilaton. To derive them, it is convenient to first
switch to non-canonical gauge fields with kinetic terms

11 11 1 9g 9
LD =W Wy — ——— (1 9% “) we s, (3.12)
4g% 4 g2 gologpu p ) *
In the second step we expressed the coupling in the first step which is renormalised at some
scale i/ as a coupling renormalised at u + du. Next one notices that the renormalisation
of the Wﬁy operator is the only contribution to the gauge coupling running dg/dlog u
which is sensitive to EW-charged CF'T states with masses ~ x after confinement. Then the
dependence of W3, on the dilaton (unlike e.g. that of the operator in eq. (3.8)) has to be
captured by the contribution of these states to the S-function. Setting du to dx and p to
X0, and switching back to canonically normalised fields we obtain
1 17 0 X
LD W Wap— [ J S2S
g Ldlogplcrr Xo

5 W (3.13)

We are interested here in the contribution of the heavy CFT states to the coupling, while
the contribution of light states present in our EFT will be evaluated explicitly as loop
corrections. The quantity in square brackets is therefore the jump of the S-function induced
by the decoupling of EW-charged CFT states which become heavy due to confinement. One
expects that this jump is proportional to the number of colors N [62]:

[01og g/01og pcrr ~ N(g%/167%) = 62/ g2 es- (3.14)

However, the change of the running below and above the confinement scale depends on
whether some CFT states remain light below that scale. This could happen if some of the
SM states (e.g. the right-handed top, the Higgs boson or the longitudinal components of
the gauge fields) are completely composite. If these states contribute to the S-function
below xo, this contribution has to be subtracted from the r.h.s. of (3.14). The multiplicity
of the light states is however not expected to scale with IN. Hence in the large-N limit this
correction is subdominant. For the following we will define

[01og g/dlog plcrr = (cww — Eww /N) 6%/ G2es- (3.15)

The coefficients cyyw and ¢y can vanish or be of order a few, with éyy corresponding
to the subtracted contribution of light composite states discussed above. Analogously, we
define the jump of Sy /¢’ determining the coupling to the vector boson B,, as

[01og g'/01og plcrr = (cww — EBB/N) g%/ ges- (3.16)

With all the discussed interactions included, the dilaton decay widths to on-shell gauge
bosons are given by [47]

GFm3 m%/ 2 2
N =995 a\ 2 (G
X

2 4
2 2 m 2m
—A(KY + bR Ry + 8&%‘/V)m—‘2/ + 12(KY + 263) mZ) , (3.17)
X X

,10,



where V. = {Z,W} and g, = {1,2} respectively. Furthermore, the x{; are defined in
eq. (3.10) and the {5, follow from the interactions of the type in eq. (3.13) and read

1cousm g2
/iX = = CWW 3.18
ww 2 X0 grznes ( )
1 COUSM 2 2
Kyz = By C?UCWW% + 52,CBB 92 (3.19)
X0 mes mes

with sy, ¢, being the sine and cosine of the weak angle respectively. We omitted small
corrections due to the SM loops which are not enhanced by the potentially large N and
hence are always subdominant compared to the tree-level coupling in eq. (3.9). The same
applies to the contributions o ¢ppww.

3.3 Gluons

The dilaton can acquire couplings to gluons through loop diagrams with quarks in the same
way as the Higgs does. The dilaton couplings to the quarks in turn can be simply read off
from eq. (3.6). The resulting dilaton decay width is given by

2
: (3.20)

where 7, = 4mg/m§< and the loop function A, (1), with A,(co) — 1, is given in ref. [61] and
also quoted in appendix A for completeness.

Additionally, interactions between the dilaton and the gluons can be induced by the
heavy CFT states. These can be related to the running of the gluon gauge coupling g
induced by QCD-charged CFT states, analogous to the running of the EW couplings
discussed in the previous section. The resulting dilaton coupling is

1 [0logg coX
= { 2 Gy, G ==, (3.21)
2 [ 0logp Jcpr X0

where we define [0 log gs/0log plcrt = (2/3)(cac — éaa/N)g? /92 such that for coe = 1
each unit of N contributes to the S-function as a single SM quark flavour. The dilaton
decay width can be obtained from the previous result (3.20) by the substitution

s
o mi A7) = DR Aq(r) + cag o N, (3.22)
q q

where we again neglected ¢ége. The dilaton-gluon coupling modifier (with respect to the
gluon coupling to a SM-like Higgs boson with mass m,) is therefore

RY = | D2 REAY(g) + caa co N%\/] > Ax(r,)| (3.23)
1 q
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3.4 Photons

The situation here is analogous to the case with gluons. The resulting photon contribution
to the dilaton decay width can be parametrized as

rx =

’ZK’f Nepet Ap(ty) + K3y Aw (Tw) + ¢y cg N—— ~ (3.24)

1281273

where ¢y, = (3/4)(cww +cBB) corresponds to the size of the heavy new-physics contribution,
such that [0loge/dlog pi]crr = (4/3)cyye%/g2es- The loop functions Af(7) and Aw (1) can
again be found in appendix A. The dilaton-photon coupling modifier is

— ’ZI{ cfefAf(Tf)+/‘€WAW(TW)+C'WCGN ’/’ZchefAf(Tf)+AW(TW)’

(3.25)

3.5 Z~

The SM particles can mediate a hZ~ interaction at the one-loop level. Analogously, the
dilaton acquires a xZ~ interaction, whose strength is modified with respect to that of the
Higgs due to the modified dilaton couplings to SM fermions and vectors. The width of the
one-loop induced dilaton decay into Z+~ is then given by

X G%M%,ami
T2y = 6474

with 7 = 4m7/m? and o; = 4m7/m3. The functions Ay[r,0] and Ay [r, o] are listed in

2

Z Ky AflTs, o] + sy Awlrw, ow] (3.26)

appendix A.

Additionally, there can be pure CFT contributions to the considered process. The
main effect growing with N comes from the renormalisation of the couplings g and g’ which
generate the operator

N 2 2
LD C;Z—g(swcw {wag - 03392} Zu M. (3.27)

mes mes

To incorporate the corresponding contribution into the decay width (3.26) one should
perform a shift [63]

Z K Tf, o] + kA lrw, ow] — Z m}‘A}‘[Tf, o] + my A lrw, ow] — Iié,y, (3.28)
f

where
1672 cpvsm
gmes X0

X
HZ'y

sw{(Cw/sw)eww — (Sw/cw)cBRB} - (3.29)

— 12 —
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Figure 1. Current bounds on the dilaton-Higgs mixing angle and f derived from the Higgs-EW
vector boson coupling measurements.

3.6 Higgs
The relevant Higgs-dilaton interactions are given by (neglecting possible scale-invariance
breaking)
m2
LD — Lh? = ahxxh2 (3.30)
Xo
and contribute to the dilaton decay width with
a% m}% 1/2
Y= _—"2[1-4—L1)  O(my —2my). 3.31
= ( i ) (m — 2mp) (3:31)

3.7 Higgs-coupling modifications

For completeness we should mention that the dilaton-Higgs mixing angle which affects
the dilaton phenomenology can be constrained from Higgs physics, although we will not
analyse that in this work in much detail. The least model-dependent constraint along these
lines comes from the modification of the Higgs couplings to the EW gauge bosons. The
corresponding coupling modifier with respect to the SM prediction reads

K1 = cgcos CH _ g —(1 + Yy2) sin —— (3.32)

UCH
f 9=« f
which can be derived from the expression for the W mass (3.8). In the limit of g, = g, and
Y2 = 0 this expression simplifies to

K = cos <9 + UCfH> . (3.33)

Therefore, if 0 is negative, it can compensate the Higgs coupling distortion introduced by
non-zero v/ f, thus bringing the couplings closer to their SM values. On the other hand, the
result (3.32) can be interpreted as the possibility to access the degree of conformal-invariance
breaking in the UV by measuring the Higgs couplings. Using the currently available
constraints on the Higgs-vector boson coupling modifications from direct measurements |73,
74] we present the 20 bounds on the Higgs-dilaton mixing angle and the scale f in figure 1, for
vz = 0 and ¢p, = 1. Note that sin 6 and f can also be constrained from other measurements,
whose detailed analysis would however bring us outside the scope of this paper.
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4 Collider bounds

In this section, we present the current 95%CL LHC exclusion limits for the parameter space
of the dilaton EFT, as well as the projected future HL-LHC sensitivity. We derive the
bounds using HiggsTools and related software packages [64-67]. The expected signal is
computed by rescaling the corresponding production cross-sections and partial decay widths
of the SM Higgs boson with the x; parameters defined in the previous section. For masses
above m, = 1TeV we use a custom leading-order evaluation of the partial dilaton decay
widths. The estimated future 3ab~! HL-LHC sensitivity is obtained from the 13 TeV LHC
analyses by rescaling the sensitivities with a square root of the corresponding luminosity
ratios. Some of the currently most sensitive experimental analyses include [68-72], searching
for heavy resonances produced in gluon fusion or vector boson fusion, and decaying into
pairs of on- or off-shell EW vector bosons.

Let us now discuss the sensitivity of the dilaton collider phenomenology to the parame-
ters discussed in the previous sections, and the resulting experimental bounds on them.

e The overall size of the dilaton couplings is set by the scale of conformal symmetry
breaking xo, and the Higgs decay constant f, which are related via eq. (2.18). While
the experimental data provides lower bounds on f, EW scale naturalness pushes f
downwards. Hence expressing the bounds in terms of f allows to estimate the degree
of naturalness of the surviving region in parameter space. The bounds on f and
m, are shown in figure 2, for different choices of other relevant parameters which
are discussed below. The ratio of f and xo depends on the order-one parameter cy,.
To estimate the associated uncertainty we show in figure 4 how the experimental
bounds change as cj,, varies in the range [1/2,2]. The scaling of the bounds with ¢y,
is discussed around egs. (4.1) and (4.2) below.

e The effective number of colors IV of the underlying new strong dynamics can a priori
vary in a large range and plays a crucial role for the collider phenomenology. In
particular, NV suppresses the overall scale of the couplings for a glueball-like dilaton
o 1/x0 o 1/v/N and, at the same time, enhances the dilaton coupling to gluons
o cggN. The latter coupling determines the dominant dilaton production channel via
gluon fusion (while the main decay channels are x — WW, ZZ). The dependence of
the bounds on ¢4y and N is demonstrated in figure 2. As one can see, for non-zero
cgg the experimental sensitivity to the dilaton grows significantly with N. In fact, the
production cross-section from gluon fusion scales approximately as

- N for glueball-like dilat
0o % (c0uN/x0)? o 765;9 " or glueball-like dilaton (41)
J? Chy N2 for meson-like dilaton.

For vanishing ¢y, instead, dilaton production from gluon or vector boson fusion is
mostly determined by the coupling to the top quark and the EW gauge bosons
respectively. At zero mixing these couplings scale as « 1/xo and hence the overall
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Figure 2. Current collider lower bounds on f (left panel) and future sensitivity (right panel) as a
function of the dilaton mass m, for a glueball- and meson-like dilaton, and for different choices of
cqg and N as specified in the plots. The other parameters are chosen as cp, = 1, 59 = 0, 3; = 0,

cww = cgp = 0.

production cross-section has the following N-dependence:

11 L for glueball-like dilaton
gV BFlegy=0 ¢ (1/x0)? o 55— x ¢ (4.2)
9 gg f? C%LX 1 for meson-like dilaton.

A meson-like dilaton is therefore typically more constrained than one that is glueball-
like. This can be seen in figure 3, where we show the experimental bounds in terms of

N and m,, for a fixed value of f.

¢ The Higgs-dilaton mixing sy arises from operators which contain both Higgs-shift-
symmetry and conformal-symmetry breaking parameters. The sources of this breaking
are model-dependent. Since the current Higgs-coupling bounds prefer a SM-like
Higgs [73, 74], we have set the mixing to zero for most of the plots, which allows to
satisfy the bounds for all f = 800 GeV (see figure 1). To estimate the importance of
the mixing for the dilaton collider bounds we present in figure 5 a comparison of the
bounds derived for sy = 0, +0.05.
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Figure 5. Dependence of the currently excluded f on the Higgs-dilaton mixing angle sg, for
sp = 0,£0.05. The other parameters are chosen as cpy, = 1, ¢4 =0, N = 3, v = 0, ecww = cpp = 0.

o Regarding the order-one parameters cqq, cyww, csB, the latter two have a very mild
impact on the collider sensitivity and we will set them to zero. The former, instead,
can play an important role due to its effect on the coupling to gluons, as was discussed

above. The dependence on ¢y, is demonstrated in figures 2, 3, 4.

» The parameters vy, vy2 which reflect the scale-invariance breaking in various couplings
were set to zero in our analysis as they are model-dependent. Among them, the most
important one is the parameter +;, whose order-one value could affect the dilaton-top
coupling, and hence the dilaton coupling to gluons, modifying the overall production
rate. This effect is more sizeable for low ¢4y N, since otherwise the latter contribution

dominates the coupling to gluons. This is illustrated in figure 6.
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Figure 6. Dependence of the currently excluded f on ~, for 4, = 0, £0.5, for a glueball-like (left
panel) and a meson-like (right panel) dilaton. The remaining parameter values are chosen as cp, = 1,
ng:(), N:3, 50:0, 71':0, CWW:CBBZO.

5 Discussion

The existence of a O(100 GeV) — O(1 TeV) scale dilaton was predicted in numerous extensions
of the SM, and in particular in models with Higgs boson compositeness. In this work,
we have presented an update of the collider bounds on a composite dilaton with mass
2 100 GeV, as well as the projected sensitivity of the HL-LHC. We have assumed the dilaton
to be the lightest new state, decaying exclusively to SM particles. To model the dilaton
properties we have used a 4D EFT approach, being able to capture a broad range of possible
UV-completions, while still allowing to put important restrictions on the dilaton interactions.

We have adopted a perspective on the dilaton phenomenology motivated by EW scale
naturalness, relating the dilaton couplings to the Higgs decay constant f (which for the
least tuned models currently lies within about 1TeV), and the number of colors N of the
underlying new strong interactions producing the composite Higgs and dilaton. Important
relations to understand the constraints are eqs. (2.18), (4.1) and (4.2). In particular, the
non-trivial relation between the meson and glueball VEVs implies that a large scale g
suppressing the dilaton couplings can only be achieved at the price of large N. At the same
time, this large IV is expected to enhance the dilaton couplings to gluons, increasing the
resulting signal. As a result, at fixed f < 1TeV, one expects sizeable collider signals for a
glueball-like dilaton even at large xg.

The above line of arguments is only valid for non-zero values of the coefficient cg4q
controlling the CFT contribution to the QCD S-function and thus the dilaton coupling to
gluons. However, having a non-vanishing c,, appears to be a rather generic assumption,
since the CFT constituents have to be charged under QCD in order to generate at least
the top quark mass via the partial compositeness mechanism, which requires QCD-charged
composite operators coupling to the top quark.

Finally, in the hypothetical case of a meson-like dilaton, the scale controlling the dilaton
interactions is rigidly connected to f and does not grow with /N. Hence, the experimental

sensitivity in this case is much stronger than in the glueball scenario.
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This motivates LHC searches for a heavy dilaton. The main production channel
benefiting from the mentioned parametric dependence is gg — ¥, followed by decays to
the EW gauge bosons. As we have shown, a dilaton with mass up to a few TeV can be
observed or constrained at future LHC runs. On the other hand, the current experimental
data already excludes a significant fraction of the parameter space for a composite dilaton,
advancing well into the TeV mass region. In particular, the obtained bounds are of special
relevance for models of electroweak baryogenesis [16-18], even in realisations where the
temperature of the electroweak phase transition is enhanced [75-79], which rely on the
presence of a O(100 GeV) — O(1 TeV) scale dilaton. At the same time, the window of a light
dilaton with a mass < 200 GeV remains only weakly constrained, with the latest ATLAS
and CMS analyses concentrating on heavier masses. Although a fraction of this window can
be excluded if large Higgs-dilaton mixing is generated (see figure 3), in general it represents
a theoretically-acceptable region of parameter space and would require a dedicated effort to
be probed experimentally.

Finally, the analysed connection between the Higgs and the dilaton scales provides
a handle to assess the implications of dilaton searches on EW scale naturalness. In the
considered benchmark scenarios the current exclusion limits and the future sensitivity
reach respectively 5TeV and 10TeV in the Higgs decay constant f, corresponding to a
~ 107* level of fine-tuning. This sensitivity, although being model-dependent, can exceed
the sensitivity provided by the measurements of the couplings of SM particles at the HL-
LHC and next generation lepton colliders [80, 81]. Although, simplistically comparing the
dilaton production cross section which scales as oc 1/f? with the SM-coupling deviations
induced by compositeness oc 1/f?, we find them to be of the same parametric form, the
dilaton signal profits from the N-enhancement of the gluon fusion cross-section. Thus
dilaton searches can complement the program of Higgs compositeness tests, including such
directions as the searches for composite top partners [82-84], precision tests of SM particle
interactions [53, 85, 86], and searches for other types of light spin-zero composite states [87—
90]. In case a new light boson is discovered, the dilaton coupling patterns analysed in this
paper as well as the patterns predicted for other types of composite resonances [87, 88]
would provide a useful guide for understanding the origin of such a state.

Acknowledgments

We thank Miki Chala for early discussions on this topic a few years ago. OM is supported
by STFC HEP Theory Consolidated grant ST/T000694/1. OM also thanks the Mainz
Institute for Theoretical Physics (MITP) and ICTP-SAIFR for their hospitality and support
during the completion of this work. The work of SB has been supported by the German
Research Foundation (DFG) under grant no. 396021762-TRR, 257. This work is supported
by the Deutsche Forschungsgemeinschaft under Germany Excellence Strategy — EXC 2121
“Quantum Universe” — 390833306.

,19,



A Loop functions

In this appendix we list the loop functions presented in ref. [61]:

Ag(r) = 571+ (1= 1) f(7) (A1)

Ap(r) =21(1+ (1 —7)f(1)) (A.2)

Aw(t)=—(24+374+37(2—7)f(7)) (A.3)

Ap(m,\) = 2N, ;L (s - 2er50) (I(7, \) = Io(7, \)) (A.4)

Aw (1, 0) = cp(4(3 = 2) (7, A) + (1 + 2/7)t2 — (5 + 2/7) 1 (1, \)) (A.5)
TA 2\2 2\

RN = 320+ e () — F) + =) — g (A)

TA
I(m, \) = —m(f(ﬂ — f(N). (A7)

Here t,, = sw/cw, ey is the electric charge and I35 the third electroweak isospin component
of the corresponding fermion. Furthermore,

f( ) arcsin? \% T>1 (A 8)
T) = 2 .
—% (logiiﬁvi:—m) T<1
() \/T—larcsin% T>1 (A.9)
g(t) = .
T (log ?_r\/—vi:: - iﬂ') T <1
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