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Abstract: Dilatons, the CP-even pseudo-Nambu-Goldstone bosons arising from spontaneous scale symmetry
breaking, offer a compelling alternative to axion-like particles (ALPs) yet lack a comprehensive low-energy frame-
work. We address this by constructing a systematic effective field theory (EFT) for the dilaton based on a manifestly
scale-invariant regularization scheme. This approach derives universal linear couplings to the trace anomaly while
preserving consistent renormalization group evolution. We establish a hierarchical EFT tower connecting the ultravi-
olet conformal sector to the infrared, encompassing the dilaton-extended SMEFT, low-energy EFT up to dimension-
7, and a chiral Lagrangian describing meson and baryon interactions. We perform a comprehensive phenomenolo-
gical analysis across two distinct mass regimes, where the dilaton manifests as either a conventional particle or a
wave-like particle. For MeV-scale dilatons behaving as conventional particles, we obtain constraints from LHC pro-
duction, semi-invisible B- and K-meson decays, and supernova cooling. For ultralight dilatons acting as dark matter,
we project sensitivities for atomic clocks and atom interferometers. This unified EFT framework would pave the way

for extended phenomenological studies across the full mass spectrum of the light dilaton.
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I. INTRODUCTION

In the absence of direct evidence for new physics at
the electroweak scale, interest in light scalar and pseudo-
scalar bosons has grown significantly in recent years.
Such states emerge naturally in various extensions of the
Standard Model (SM) as pseudo-Nambu-Goldstone bo-
sons (pNGBs) resulting from the spontaneous symmetry
breaking. Their existence leads to diverse, testable phe-
nomenological signatures, motivating extensive theoretic-
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al and experimental efforts.

Axions and generic axion-like particles (ALPs) are
the most prominent candidates for light pseudo-scalars
beyond the SM. They arise from the spontaneous break-
ing of approximate global U(1) symmetries. The QCD
axion was originally proposed within the Peccei-Quinn
mechanism to resolve the strong CP problem in quantum
chromodynamics (QCD) [1, 2]. However, QCD axions
with masses between 1 MeV and tens of GeV are
strongly disfavored [3, 4] due to the strict relation
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between their mass and decay constant. Consequently, at-
tention has shifted towards generic ALPs, which are free
from this constraint. Their low-energy effective field the-
ories (EFTs) are well developed [5—7], and the corres-
ponding renormalization group equations have been thor-
oughly studied [8, 9], providing a solid foundation for
phenomenological analyses across a broad range of en-
ergy scales [10—12]. Particular focus has been placed on
the ultralight regime [13, 14], with masses < eV, where
ALPs are viable dark matter (DM) candidates.

Complementing the search for pseudo-scalar ALPs,
scalar dilatons represent another compelling class of light
bosons. As pNGBs associated with the spontaneous
breaking of approximate scale (or conformal) invariance
[15—19], dilatons are ubiquitous in beyond the Standard
Model (BSM) constructions. Notably, lattice simulations
of confining gauge theories near the conformal window
imply the existence of a light scalar field [20—24], which
is interpreted as a potential dilaton, and has been dis-
cussed in Refs. [25-29]. The resulting EFT for the
dilaton offers a robust framework for realistic composite
Higgs models [30, 31] and can accommodate forbidden
dark matter candidates [32]. While the dilaton's static
properties and couplings to SM fields have been estab-
lished [33-36], the renormalization group (RG) evolu-
tion of these interactions remains comparatively under-
studied. Consequently, despite a wide array of experi-
mental searches in atomic, molecular, and gravitational
systems [37—47], a continuous EFT description that con-
sistently connects the ultraviolet (UV) symmetry-break-
ing scale to low-energy infrared (IR) phenomena is still
lacking.

In this work, we address this gap by establishing a
consistent particle-physics” framework for the dilaton,
originating from an UV conformal sector. While the scale
of symmetry breaking lies significantly above the elec-
troweak scale, the dilaton manifests as a light degree of
freedom in the IR. This hierarchy necessitates the con-
struction of a sequence of EFTs to rigorously bridge the
disparate energy scales. We begin by treating the SM as
the effective theory of the broken phase of a quantum
scale-invariant UV completion, and subsequently extend
the formalism to include higher-dimensional operators.
We then build a tower of dilaton EFTs matched at suc-
cessive energy scales. This hierarchical structure facilit-
ates a model-independent description of dilaton interac-
tions across different regimes, as illustrated in Fig. 1.

Analogous to searches for ALPs, the detection
strategy for the dilaton depends on its mass. A key dis-
tinction arises from the dilaton's scalar (CP-even) nature,
which contrasts with the pseudo-scalar (CP-odd) coup-
lings characteristic of ALPs. In this study, we focus on

two representative mass regimes to derive complement-
ary bounds on the dilaton parameter space. For masses
near the MeV scale, the dilaton behaves as a particle-like
state with interactions governed by the trace anomaly. In
this regime, we probe the dilaton through signatures at
the Large Hadron Collider (LHC), rare meson decays,
and cosmological observations. Conversely, in the sub-
eV regime, we treat the dilaton as a coherent wave-like
field that induces oscillations in fundamental constants,
detectable via precision measurements in atomic systems.
While intermediate masses offer rich phenomenology,
such as constraints from stellar cooling and violations of
the Weak Equivalence Principle (WEP), we reserve these
topics for future investigations.

This paper is organized as follows: In Section II, we
develop the theoretical framework for the dilaton, com-
paring two distinct construction approaches —the con-
formal compensator method and manifestly scale-invari-
ant regularization—and verifying its universal coupling
to the trace anomaly. In Section III, we derive its leading
interactions with SM particles and extend the framework
to higher-dimensional operators. The effective Lagrangi-
an for the low-energy effective field theory (LEFT) ex-
tended by the dilaton is presented in Section III.D and
subsequently matched onto a chiral perturbation theory
(xPT) Lagrangian that includes the dilaton in Section IV.
In Section V, we derive complementary phenomenologic-
al constraints on the dilaton parameter space. Finally, we
draw conclusions in Section VI.

II. THEORETICAL FRAMEWORK

In this section, we present the theoretical framework
to construct an EFT for a light dilaton. When the con-
formal group SO(2,4) spontaneously breaks down to the
Poincaré group, although there are five broken generat-
ors associated with dilatations and special conformal
transformations, only one physical Goldstone boson, the
dilaton y, is required to restore conformal invariance in
the effective Lagrangian [5S0]. At leading order in the
dilaton field, its interactions with the visible-sector fields
are usually given by a single term [33]

X
-Eint =—7
fe

T, (D
where y, f, refer to the physical dilaton field and the
dilaton vacuum expectation value (VEV) f, respectively
and 7%, is the trace of the improved energy-momentum
tensor. Consequently, the linear dilaton couplings are
controlled by the new parameter, the dilaton VEV. This
universal structure can be derived in two physically equi-

1) Prior studies formulated in the context of general relativity have introduced the dilaton as a scalar field non-minimally coupled to the metric, with interactions in-

variant under Weyl transformations [48, 49].
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Fig. 1.

dilaton-mediated nuclear / atomic interactions

(color online) Schematic hierarchy of energy scales associated with the dilaton EFTs constructed in this work. The figure also

shows the dilaton couplings to gauge bosons, quarks, and nucleons, which serve as inputs for the phenomenological analyses. These in-

teractions can be probed via LHC searches, flavor-changing neutral currents (FCNCs), supernova cooling, and—assuming the dilaton

accounts for the observed DM abundance—precision measurements of time-varying fundamental constants.

valent ways: the conformal compensator method and the
scale-invariant regularization using a dynamical subtrac-
tion scale p(x). Moreover, the renormalization-group
evolution of all couplings in the dilaton effective theory
coincides, at the one-loop level, with the running of the
conventional theory without the dilaton once the renor-
malization scale is identified with the dilaton VEV in the
broken phase. The following subsections present these
results in detail.

A. The trace of the energy-momentum tensor

In this section, we review the structure of the energy-
momentum tensor and its trace in a general field theory.
Consider a theory described by a Lagrangian L(x)=
L{p(x),0,6(x)}). Under scale transformation x* — e'x*, a
field ¢ of scaling dimension d, transforms as ¢(x) —
ep(e'x). The associated Noether current in d dimen-
sions is

oL
(o)

= = (dy+ XD, — XL =x,T", )

where T# is the symmetric, conserved energy-mo-
mentum tensor [51]. Its trace then equals the divergence
of the scale current,

oL

T'u 26 .]” = 7¢d¢¢

0L

3 ¢(dd, +1)d,0—dL.

3)

This relation implies that exact scale invariance requires a
vanishing trace T#,=0. As an illustration, consider the
QCD Lagrangian in d = 4 —2¢ dimensions,

-EQCD = lﬂ(llp myy — 7Gu G‘W )

where the field strength tensor Gy, and covariant derivat-
ive D, are defined without explicit dependence on the
gauge coupling g. Applying Eq. (3), the corresponding
trace of the energy-momentum tensor is

TV, = mijy — —G“ G (5)

Renormalization of the composite operator G* = G, G
in the modified minimal subtraction (MS) scheme gives
the identity [52]

2
2%

1 + Y,

- @GZ (6)
2g

where B(g) is the QCD beta-function and v,, is the quark
mass anomalous dimension. Inserting this relation and
taking the e — 0 limit, one recovers the well-known QCD
trace anomaly

073112-3



Qing-Hong Cao, Jian-Nan Ding, Bing-Hui Ge et al.

Chin. Phys. C 50, 073112 (2026)

_ B
T, = (1 +y,)mpy + @Gz. (7

The above expression reveals that scale invariance is
broken both classically by dimensional parameters (quark
masses) and by the running of couplings at the quantum
level. From this heuristic perspective of understanding
the effects of scale transformations on the theory, a prac-
tical form of T*, without the dimensional regulator € can
be derived by writing the Lagrangian in terms of the an-
omalous couplings and operators

L= g(wO,x), ®)

where the coupling g depends on the renormalization
scale u and the operator O; has scaling dimension d;. The
scale transformation x — e'x is equivalent to shifting the
renormalization scale as u — e'u while the operators
transform as O;(x) — e*0,(e*x). The variation of the
Lagrangian under this combined transformation directly
yields [33]

T, =Y BEIOX)+ Y _([di-HgiwOx),  (9)

g . . .
where B(g:) = ﬂ%. This form manifestly separates expli-
cit breaking by dimensional parameters from quantum an-

omalous breaking via running couplings.

B. Conformal compensator method

The dilaton is introduced through the conformal com-
pensator field [33]

@ = fetlh, (10)

where f, =(®) is the order parameter for spontaneous
conformal symmetry breaking, determined by the under-
lying conformal sector. Under scale transformations, y
transforms non-linearly as y(x) — x(e'x)+ f, 4, while the
compensator transforms linearly as

D(x) = e'D(e'x). (11)

To make the Lagrangian in Eq. (8) manifestly invari-
ant, the dimensional couplings are treated as spurions by
assigning them a fictitious scaling dimension 4 —d; and
the anomalous breaking via running couplings is incor-
porated via renormalization scale's dependence on the

dilaton field:
st (u) (2) (12)

Expanding this scale-invariant Lagrangian to linear order
in the dilaton field, we obtain

L= 2i(w)0i(x)

=3 B0 +(di ) () 0,(0)] % (13)
; X

where the first term is the original Lagrangian £, and the
second term precisely gives the universal dilaton coup-
Xpn

with 7%, given in Eq. (9). T

This construction ensures that low-energy dilaton in-
teractions are dictated solely by the pattern of spontan-
eous scale (conformal) symmetry breaking, independent
of the microscopic origin of the breaking sector.

ling to the trace of the energy-momentum tensor, —

C. Manifestly scale-invariant regularization

While the conformal compensator method offers a
powerful and symmetry-driven framework for construct-
ing the low-energy effective theory of the dilaton, it does
not automatically provide a regularization and renormal-
ization scheme that preserves scale invariance at the
quantum level. A complementary approach, particularly
well-suited for perturbative quantum computations in
such effective theories, is the adoption of a manifestly
scale-invariant regularization [53, 54]. In this section, we
illustrate this method using QCD as a toy model.

Assuming a UV-conformal sector beyond QCD, our
starting point is the scale-invariant extension of the QCD
Lagrangian in d =4-2¢ dimensions, where the dilaton
field @ is introduced via analytical continuation:

D)2 _ _
a (4;2 G + DY~ yu( @)Dy, (14)

1
~£1(;l\)/ = 56#(1)6”@ -

where y quantifies the tree-level Yukawa interaction
between ® and quarks. As in standard dimensional regu-
larization, the couplings are rescaled by a renormaliza-
tion scale u to remain dimensionless. However, to pre-
serve manifest scale invariance, we promote a constant
scale u to a field-dependent function

(D) = zOT (15)

where z is an arbitrary dimensionless parameter. The ex-
ponent in Eq. (15) ensures that x(®) has mass dimension
1.

After spontaneous scale symmetry breaking, the
dilaton field @ can be expanded around its VEV f, = (),
which represents the scale of new physics,

D=f +x, (16)
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where the fluctuation field y denotes the physical dilaton

particle. The scale function u(®) now generates the usual

renormalization scale o = u(f,). For small fluctuations
X < fy, the effective Lagrangian reduces to

1 . -

LO= g™ g G+ DY =y

X [ 2 =
- |5 726G+ Ly | (17)
f;y 4g2 0Jx

where higher-order terms in y, € are neglected. The above
Lagrangian corresponds to a renormalized theory at the
scale yo and has two distinct components. The first three
terms reproduce the standard QCD Lagrangian in Eq. (4)
with a fermion mass m =yf, emerging dynamically. The
dilaton interaction term is precisely proportional to the
trace of the energy-momentum tensor 7*, given in Eq.
(5). This identification simplifies the Lagrangian in the
limit e » 0

1 . _
L=~ ﬁszw—mw—%T%- (18)

This structure is consistent with the expectations from the
conformal compensator method.

In this way, the standard QCD theory is embedded in-
to a quantum scale-invariant framework, naturally gener-
ating linear dilaton couplings to the trace of the energy-
momentum tensor. This approach preserves scale invari-
ance manifestly during intermediate calculations, making
it ideal for perturbative studies of dilaton effective theor-
ies.

D. Running couplings

In this section, we demonstrate that a quantum theory
with spontaneously broken scale invariance, realized via
the dilaton, can reproduce the running couplings of con-
ventional theories with explicit dimensional parameters.
Perturbative calculations are well-defined only in the
broken phase, where the dilaton acquires a VEV. Build-
ing upon the effective scale-invariant extension of QCD
involving a dilaton obtained in the previous section, we
analyze the scaling properties of renormalized Green's
functions in the broken phase, closely following the ap-
proach of Ref. [53].

To illustrate the mechanism explicitly, we first recall
the standard treatment in ordinary QCD, where the run-
ning of coupling g and fermion mass m with the renor-
malization scale u is governed by the beta functions
Be.Bn- These are encoded in the scaling properties of the
renormalized connected n-point Green's function. The
Ward identity corresponding to the scale transformations
in momentum space is given by

() 0 (n) (4
g p.— + +y +E Coht GV (p,) =0,
<¢,k kapf O o) ) )

(19)

where ¢ =(G,.y,¢) labels the gluon, quark and anti-
quark fields, ng = (ng,ny,n;) denote the numbers of ex-
ternal legs of each type, ¢4 = (3,5,5), and p{ is the mo-
mentum for the k-th leg for the field ¢. This identity en-
sures the correct engineering dimension 4 — 3" ¢4n, of the
Green's function, accounting for the implicit # depend-
ence introduced by renormalization. The u dependence is
further constrained by the Callan-Symanzik equation,
which expresses the independence of physical observ-
ables from the arbitrary renormalization scale u:

8

with the beta functions and anomalous dimensions
defined as

ot Zn¢y¢> G™ (pf) =0, (20)

g om

u 0Z
87’ ﬁn1:u677 ¢
" u

= == 21
By =m 0z 27, o (21

where Z, arethe wave function renormalization con-
stants. Combining Eq. (19) and Eq. (20) leads to the dif-
ferential equation describing the scale dependence of the
Green's functions:

(Zpk g (m ﬂm)

+ g (co—ve) - 4) G (pf) = 0. (22)
¢

iz

This equation implies that the couplings run with mo-
mentum or the characteristic energy of the process:

d o o
dlog(p) S P8 =P&): &P =wg)=s.
d 7 5 = 71 77 —_ gy —

mm(}’,m) =pBm), m(p=u;m)=m. (23)

In the subsequent analysis, we will show how an analog-
ous derivation in the scale-invariant theory with a dilaton
leads to identical running behavior in the broken phase.

In the scale-invariant extension of QCD constructed
in the previous section, several important modifications
arise in the treatment of renormalized n-point Green's
function. The field content now includes the dilaton, so
the momentum space version of the Ward identity be-
comes
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(Z% o+ Har # 2 (eams) - )G("“’) (1) =0. @4

where ¢ = (G, ¢, 4, x) with ¢, = (3, ; ; 3), and we have
explicitly included the derivative with respect to the VEV
f¢- A second important change is that the renormaliza-
tion scale is now dependent on the VEV through the di-
mensionless parameter z, defining o = zf,. Physical ob-
servables must be independent of the arbitrary choice of
z, leading to a Callan-Symanzik-like equation with re-

spect to z:

O 20 20 ~. 0\
(2(91 +ﬁg& +By87y +z¢:7¢”¢—7’xﬁ(aﬁ(> G (pe) =0,
(25)

where the hatted beta functions and anomalous dimen-
sions are now defined as

dg 5 Oy

Z 6Z¢
az’ ﬁ"’_zaz’ o=

ZZ 0z (26)
Here, the dimensional fermion mass m of standard QCD
is replaced by the dimensionless Yukawa coupling y, and
the z dependence of the VEV f, is given by the field
renormalization of the dilaton (consistent with the
counter-terms being identical to those in the symmetric
phase under appropriate renormalization schemes [55]).
Finally, in order to eliminate the explicit dependence on
f¢» we use the quantum action principle, which yields the
additional scaling relation

0

=z G) 0L P
<ﬁ(0f)( <oz y6y> (p ) ’</\/6X 1:[¢(Pk)>~ (27)

The right-hand side corresponds to diagrams with a single
insertion of the dilaton. We now consider the decoupling
limit y —» 0 while keeping the physical fermion mass
m=yf, finite. In this limit, the dilaton becomes non-
propagating, the anomalous dimension y, vanishes at the
relevant order, and the insertion term on the right-hand
side of Eq. (27) can be neglected. Combining Egs. (24)—
(27) then produces a scaling equation of identical func-
tional form to Eq. (22):

(Zpk
+Zn¢

Ay 0
ﬂéag (y_ﬁy) 67)1

k

)G(W)( =0, (28

. 0 . i)
with the operator me being replaced by Yoy

The beta functions S,,8,, in standard QCD and their
counterparts f,,/3, in the scale-invariant theory are both
determined by the 1/e poles in dimensional regulariza-
tion that renormalize their respective couplings. The ef-
fective Lagrangian of our scale-invariant formulation in
Eq. (17) differs from the standard QCD Lagrangian in Eq.
(4) by an evanescent operator of O(e) and by dilaton-me-
diated interactions proportional to the small Yukawa
coupling y. In the decoupling limit, these additional terms
do not contribute to the one-loop divergences. Con-
sequently, the one-loop beta functions calculated in the
scale-invariant framework coincide exactly with those of
standard QCD. Differences emerge only starting at the
two-loop level, where evanescent interactions can con-
tribute to the renormalization group flow through finite
1/e poles. However, this difference is controlled by
dilaton interactions that are suppressed either by 1/f, or
by the small coupling y=m/f,. Consequently, such
higher-order effects on the dilaton couplings driven by
the f-functions are suppressed by inverse powers of f,
and thus negligible.

We conclude that the theory with spontaneously
broken scale invariance reproduces the standard one-loop
running of couplings in the broken phase, with the con-
ventional renormalization scale dependence Inu being re-
placed by In(zf,). This equivalence not only demon-
strates the quantum consistency of the formalism, but also
highlights its utility as a powerful top-down approach for
constructing dilaton EFTs where scale symmetry is
broken spontaneously.

III. THE DILATON LINEAR LAGRANGIAN

Having established the framework for the dilaton ef-
fective theory, we now apply it to the SM to derive the
low-energy dilaton-mediated interactions. The spontan-
eous breaking of scale symmetry occurs at the new phys-
ics (NP) scale A, determined by the dilaton VEV f,. All
new degrees of freedom responsible for this breaking are
assumed to be significantly heavier than A and can be
safely integrated out.

Since A is taken to lie well above the electroweak
scale v ~ 246 GeV, the theory just below A consists of the
SM fields plus the dilaton, described by an effective Lag-
rangian that respects both SU(3).xSU2),xU(1)y and
approximate scale invariance. After scale symmetry
breaking, the interactions among the SM fields them-
selves are encoded within the SMEFT framework, while
the universal dilaton couplings to the SM trace anomaly
provide the leading dilaton-mediated interactions.

To analyze dilaton phenomenology at colliders and in
low-energy measurements, we derive the effective Lag-
rangian at different energy scales. This is achieved by
renormalization group evolving the full SU(3). xSU(2).x
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U(1)y-invariant Lagrangian (including the dilaton) down
to the electroweak scale and subsequent matching onto an
SUB). X U(1).n-invariant EFT after electroweak sym-
metry breaking. In the following, we adopt the mani-
festly scale-invariant regularization framework, which al-
lows a systematic treatment of renormalization group ef-
fects in the dilaton couplings.

A. Scale-invariant SM

The SM Lagrangian is classically scale-invariant,
with the exception of the negative quadratic term in the
Higgs potential which explicitly breaks the symmetry. To
restore scale invariance, the dilaton field ® is introduced:

1 1 1
(4) A ~Auy 1 Ty v
= —-—G G- —W W*—-—B,B"
o g3 " g3 " 4gi "
+ E YDy — Ly

Y=Q.,u,d,L,e
1
+(D,H) (D“H) + S 0u0F DV,
Ly = (OHY,d+ QAY,u+LHY,e+hc.), (29)
where the most general, scale-invariant potential in-

volving the Higgs doublet and the scalar field is given by
[56]

_/l¢ + 12 An T 2 /l)( 4
Vo—g(H H) +7(H H)D +4—!(I) s
G+
H= 1 . 30
((¢+iG°)> G0

V2

The terms proportional to A, and A, describe the self-in-
teractions of the Higgs and the dilaton respectively, while
the term proportional to 4,, acts as the portal interaction
responsible for generating the Higgs mass upon spontan-
eous breaking of scale symmetry. To obtain a charge-
neutral VEV, we consider the potential involving the
neutral components

2 A, 1
Vo(d, @) = 4—‘f¢4 + T¢2®2 + 4—{@4. (31)

Spontaneous symmetry breaking requires V, to develop a
non-trivial vacuum with nonzero expectation values

v={(¢) and f, = (D), where v ~246 GeV is fixed by elec-
troweak phenomenology. The minimization conditions

a¢ V() 09 B(I) V0|v,j;,( = O’ (32)

‘v,f)( -

lead to the relations

v: o =32 A
A, =912, — = LS S 33
S Py (33)

These conditions guarantee the presence of a classically
flat direction in the field space. Crucially, manifestly
scale-invariant regularization schemes preserve this flat-
ness at the quantum level, preventing the standard Cole-
man-Weinberg mechanism [57] from triggering scale
symmetry breaking. Instead, spontaneous symmetry
breaking may occur through alternative means such as in-
ertial breaking [58], where the vacuum is selected along
the flat direction by external factors such as cosmologic-
al initial conditions or non-minimal couplings to gravity.
Finally, vacuum stability requires A4>0 and 1, >0,
while the phenomenological hierarchy v < f, implies the
coupling relation 1, <« —321,, < 4.

B. Dilaton couplings to the SM

Following the scale-invariant regularization frame-
work from the previous section, we analytically continue
to d =4-2¢ dimensions and expand the dilaton field ®
around its VEV after spontaneous scale symmetry break-
ing. The resulting effective Lagrangian is given by

Leg = Lsm+ Ly sm,
1

1 1
A Ay 1 Tuy v
= 4G GV = W, W = B, B

; A u A
+(D,H)" (D"H) - (qua“ + Zﬁfw)

+ Z@ipgb— (Cziyda% L_tiy”u + éiyee+h.c.) ,
v

Loy =

V2 V2 V2

_i{(ﬁiG2+&W2+ﬂB2>
Jr 2g3 2g, 2g;

By 4 5
- <4'¢ +(ﬂm_2/lm)z¢ )

L)(,SM =

- (jjzﬂdd+ ﬁ%ﬁuu + é%ﬁee + h.C.) } ,

(34

where Lgy corresponds to the full SM Lagrangian, with
the Higgs quadratic term generated proportionally to the
VEV f, and £, su describes the interaction between the
dilaton y and the SM fields. The dilaton couplings are de-
termined by the trace anomaly and are thus proportional
to the beta functions, which coincide with those of the
conventional SM at one-loop level, as required by our
formalism.

Using the known renormalization-group evolution of
the couplings, we evolve the effective Lagrangian down
to the weak scale y,,, where electroweak symmetry is
spontaneously broken. In the broken phase, it is appropri-
ate to express the dilaton interactions in the mass-eigen-
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state basis of the physical fields.

For the gauge boson sector, this requires rotating to
the physical W*,Z and photon fields F. For the fermions,
it involves unitary transformations that diagonalize the
Yukawa matrices, e.g., U!Y,R, = Y3 In the scalar sec-
tor, h and y mix to form mass eigenstates / and ¥,

h=cosah+sinay, j=-sinah+cosay, (3%5)

where the mixing angle o diagonalizes the scalar mass-
squared matrix and satisfies tan>a = v*/f2. For notational
convenience, we henceforth drop the tildes and redefine %
and y to denote their respective physical mass eigenstates.
We identify & as the SM Higgs boson observed at the
LHC with a mass m;, = 125 GeV, and y as the massless
pseudo-Goldstone dilaton. Therefore, in the physical
mass-eigenstate basis, the dilaton y couples to the SM
fields both via the trace anomaly and through the scalar
mixing with the Higgs. The complete dilaton-mediated
interactions incorporating both effects are given by

‘EX = L g +‘£X’¢’
B3 x A A Be x _
= - A GA G A DWW
Lee 28 f W 2e f, W
X _ Be x v "
+ 2Em$,,wﬂ W -2 ?X(czzz,wz# +2¢,,F,, 2"
ey Fo ) + Xz, 70
S

Loy=- Z (1+7’m¢)mw£‘p‘/’7

Y=u,d,e f)(
(36)

where my = gov/2, m; = /g3 +g?v/2 and my = Yzmgv/ V2
are the conventional SM masses. Crucially, the dilaton-
Higgs mixing is responsible for the terms explicitly pro-
portional to the standard mass scales: the m3, and m}
terms for the vector bosons, and the leading unit contribu-
tion (1-my) to the fermion couplings. The remaining
terms, specifically the fermion contribution proportional
to the anomalous dimension v,, and the field strength
tensor interactions, originate from the trace anomaly. The
coefficients ¢;; are determined by the beta functions and
the weak mixing angle 6,,,

2 B Bi
Cww = ESW, Czz = B*C%VSW +ESEVCW’
e e e
L _ P2 2 ﬁl)z __B23 ,813
Cyz = ESWCW - ECW ws Cyy = Esw + ECW’ (37)

with s, =siné, and c, = cosé,. The effective Lagrangian
L, at the weak scale, with all parameters defined at
U= u,, provides the foundation for our subsequent phe-

nomenological analysis.

The above discussion assumes exact scale invariance.
Through the scale-invariant regularization scheme, the
dilaton remains exactly massless even at the quantum
level after spontaneous scale symmetry breaking [56, 59,
60]. When explicit scale-symmetry breaking effects are
present, the dilaton acquires a mass accordingly. A gener-
al analysis can be carried out by introducing a nearly
marginal operator of scaling dimension dy to the initial
scale-invariant theory [36]

L= L+ 200(x). (3%)

The renormalization group evolution of the coupling Ao
determines the scaling of this operator. After spontan-
eous scale symmetry breaking, the resulting dilaton po-
tential leads to a mass m, o« V4 —dpf,. Corrections to the
effective Lagrangian from a non-zero dilaton mass are of
order O(mf( / ]3(2) and are neglected in the following analys-
is.

C. Higher-dimensional operators

It is straightforward to extend the scale-invariant
framework beyond the renormalizable terms of the SM to
include higher-dimensional operators. A natural illustra-
tion can be provided by the dimension-5 Weinberg oper-
ator %LTH*C%HTL [61, 62], which generates Majorana
neutrino masses.

To construct its scale-invariant counterpart, we con-
sider the Type-I seesaw mechanism as a representative
UV completion. For simplicity, we consider a single gen-
eration of leptons and the right-handed neutrino. In
d =4-2¢ dimensions, the relevant scale-invariant mass
terms are

L = —p(D)Y,L AN — i {(D)yONN +hc.,  (39)

where Y, are the Dirac-neutrino Yukawa couplings of the
SM Higgs doublet H to the lepton doublet L,, and y is the
Majorana-neutrino Yukawa coupling of the dilaton field
@ to the right-handed neutrino N. After spontaneous scale
symmetry breaking, (®) = f,, generating a heavy Major-
ana mass My =yf,. Integrating out N at energies < My,
substituting the classical equation of motion N =~
—(Y/y®)C(LH)" back into the Lagrangian directly pro-
duces

) G
LY = —_(LAC(LA) +h.c.
yd

2 2
= Y—(LH)C(U?)T _r X (LEYCLA) +he., (40)
vy fo fo
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where the first term matches the standard Weinberg oper-
ator, identifying A ~ f,, and the second describes dilaton-
neutrino interactions.

This result from the seesaw model is not a coincid-
ence but reveals a powerful and general principle for con-
structing scale-invariant effective theories. In the ab-
sence of fundamental mass scales, all dimensional para-
meters arise dynamically from the dilaton VEV after
spontaneous scale symmetry breaking. Therefore, any
higher-dimensional operator in the SMEFT, convention-
ally written as 0@ /A%, acquires a scale-invariant form

d
oy

e (41)

LSMEFT,SI = E Ci
i

where ¢; are the respective coupling constants and every
power of the suppression scale A in the denominator has
been replaced by the same power of the dilaton field ®.

D. Low-energy dilaton effective theory

For a dilaton significantly lighter than the weak scale,
it can mediate novel signatures in low-energy processes
at typical energies E <« 100GeV. In this regime, the
heavy degrees of freedom, the top quark, the Higgs bo-
son and the weak gauge bosons W* and Z, are integrated
out to obtain the corresponding low-energy effective the-
ory. At tree-level matching, the Lagrangian for the
dilaton is given by

Locp+qepy = — % {%Gﬁﬁ“ "+
X

+ > (1+ymw)m¢zﬁlﬁ}, (42)

Y=ud,e

Be
2

7%
ech’“F

where B; and B, are the one-loop QCD and QED beta
functions and vy,,, are the fermion mass anomalous di-
mensions. All coefficients, including c,,, are evaluated at
the matching scale.

Alternatively, these interactions can be parameterized
by the LEFT [63—67] model-independently. In this sec-
tion, we discuss the LEFT with dilaton and construct the
interactions up to dimension 7.

The gauge group of this extended LEFT is the one of
the QCD and the QED theories,

Gierr = Gocp XGoep = SU(B). x U(1),, (43)

which guarantees color conservation and electric charge
conservation. The building blocks are the two associated
gauge bosons, the gluon G and the photon A4, the leptons,
the light quarks, and the dilaton. We present the building
blocks and their representations in Table 1, where the ba-

Table 1. The building blocks of the LEFT with the exten-
sion of the dilaton ®. The representations of the fields under
the gauge symmetry and the scale symmetry are listed. Be-
sides, two global symmetries U(l)g and U(1), related to the
baryon number and the lepton number are presented, which
are nearly conserved in the LEFT. To keep the gauge invari-
ance, we use the field-strength tensors of the two gauge bo-
sons as the building blocks.

gauge symmetry global symmetry scale
building block
SUB).  U). U(p ul),  symmetry
Ga, 8 0 0 0 2
Fpy 1 0 0 0 e24
e 1 -1 0 1 o3l
v 1 0 0 1 ¢34
u 3 % % 0 e % g
¢ 3 3 3 0 e
d 3 - % % 0 e % &
s 3 -3 3 0 e
b 3 - % % 0 e 3
D 1 0 0 0 et

ryon number symmetry group U(1); and the lepton num-
ber symmetry group U(1), are also given. In particular,
we use the field strength tensors of the gauge bosons as
the building blocks to maintain the gauge invariance

Gy, =90,G) - 0,Gh +if**“GiG? (44)

F,=8,A,—0,A,. (45)

Similar to Eq. (41), the effective Lagrangian of the
LEFT extended by the dilaton should take the form

0
C Eld) @ . (4 6)

d=3

Ligpr =

where ¢ are the dimensionless Wilson coefficients, and
09 are the independent operators of d-dimension without
the dilaton. According to the expansion form of the
dilaton

O=f +y, (47)
the Lagrangian can be divided into two sectors

Ligrr = Ligpro + Ligrry (43)

where Ly grrp is the LEFT Lagrangian without the dilaton
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c@ y
LLEFT,O = Z LO( ) (49)

d—4 ~a >
d=3 Ji(

while the Lagrangian L ger, contains the operators with
the dilaton, which can be expressed as an expansion in
terms of the fluctuation field y. Keeping the operators lin-
ear in the y, the Lagrangian £ grr,, takes the form

4—d)c?
-ELEFT,)( = Z % X OE;D , (50)
= Wk

which implies for every specific dimension d, the fluctu-
ation field y interacts with the other fields in the LEFT in
a universal way.

Accordingly, we can list the effective operators in £,
linear in y. Next, we present these operators up to dimen-
sion 7.

Dimension-4, 5, 6

Table -continued from previous column

x(v)
Oyv X(V{pCVLr)
X(LR)
Oye XeLpeRr
O)(u XULpURy
Oya xdppdrr
X)X +h.e
Oy X(V{pCUHVVLr)Fuv
X(LRX +h.c.
Oyey xerpoter, Fuy
Oyuy Xippotugy Fpuy
Ovay XdLpot dry Fpuy
OvG XEtLPO'“VTAuRr G/’j‘v
OydG xdppo** TAdg, G2,
xX?
% XGp, G
Dimension-7
X(LL)(LL)
oy XTLpY*' v ) Lsyuvir)
oyt x@rpyerr)(eLsyuers)
O XL VL @Lsyuer)

Continued on next column

073112-10

X(LL)(LL)
oyt XGLp Vv )arsyuurr)
O)‘(/'\ZL XLV Vi )drsydrs)
oyt x@rpy*err)@Lsy L)
O)‘(/éLdL X@Lpy*eL)drsyudrs)
)‘?vif{u XLy er)drsyuurs) +hee.
oyt X@LpyHury)(ALsyuure)
O (LY di )L yudi)
O)‘(/ia}LL XLy ur)drsyudrs)
O - XLy T ur Loy, T L)
X(RR)(RR)
O)‘(/le]gR X(@rpY"err)(ersYuers)
ot X @rpyHere)iiRsYutirs)
oy X(@rpYerr)(drsYudrs)
ot X @Ry Y ury)(lRs Yy URr)
O)‘ZZR X(drpy*drr)dryyudrs)
O)‘(/LL}RR X iRy Y urr)(dryYudre)
Opui" XCGiry YT, (s v TAdre)
XX
Oyc XfABcG;\vcprgﬂ
OXE Y FABC 5ﬁv fo" G,f"
X(LL)(RR)
O XLV vLr) @Ry Yuer:)
opt x@rpy*err)(@rsyuers)
ot XOLpY*vir) @Ry yutire)
Ond XLy Vi) s Yudlre)
OXQZR x@rLpy*err)HRsYutre)
OréLdR X@Lpy er)drsyudre)
O)‘(/hLeR Xx(irpy urr)(@rsyuers)
Ori»R x(drpy*dr)ERsyuers)
O}:’éﬁu XLpy err)drsyuttr) +h.c.
O)\(/J&LR XLy ur,)@Rsyutre)
OXE&LR XLy TAur,) gy, T4 ury)
O;JQLR XLy ur,)(drsyudre)
Ot Xy TAup)dryy, T dry)
OX[}LLR X(drpy*dp)(iRsYutire)
Oy Xy TAdp)agyy, T ugy)
OX[}HLR x(drpy*d)(drsyudre)
Oyai " Xy TAdp ) dryy, T dry)
O\t XLV dy g yytips) + hie.
O\ XLy TAdL) Ry T uge) + hic.
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x(LR)(LR)+h.c. AB=AL=1+hc.
OS KR x(@rperr)@Lserr) Oyt Xeapy WS Cl )(d) [ Cv,,)
OS kR x(@Lperr)(iLsurr) O Xeopy (3T Cily )l Cey)
0;;§R x(@rpot” erp)lLsO v Ury) X;i‘fl /\/Ea[gy(uz;c wir)(dg Ceg,)
O X(@Lper,)dLsdrr) o5 IR Xeapy 2T Cil )] Cep,)
O;ff X (@Lpat er, NdLsopvdrr) Oi;ﬁf] Xeapy () C b d)TCe,))
e X(Lperr)(dLsitre) O Xeapy(d3] Cily )l Cey)
Oy et XTLp0 " er) AL pitrs) oS Yeap A2 Culi )T Cvy)
OS LRR XL pure ) sue) o Xeapy (dal Cy )uls Cv,,)
Oyt XL T ug) s T uge) . Xeapy (3] Cil Yudl, Cep)
O X pitry)drsd)
O;SZJRR x i TAup)drs T dge) AB=-AL=1+h.c.
O™ X(1pdre)dLsdr) o Xeapy (A5 Clj, )@, d,)
oM X1y TAd)(dLs TAdgy) Oy Xeapy W5 CL )7y )
i X pdre)dLsug) O Xeap (ST Cd} )7, i)
i Xy TAdrr)(dLs T ugy) o Xeap(di] C 7 )@y dy,)
.RL o _
O;ddd X faﬁy(dery Cdfir)(emdl,)
a—— Oy Xeapy iy )71, dy,)
LR)(RL)+h.c. ,RR o _
X(LRYRL) O)S(ddd X E"ﬁy(dR;Cdgr)(eLsdﬁr)
O)iéﬁL x(@rperr)(iRsitrs)
OiLZL X@rperr)(drsdLr)
OSKL _ s IV. THE CHIRAL DILATON LAGRANGIAN
yvedu X(VLpeRr)(dR:uLt)
Under the chiral scale Aqcp ~ 1 GeV, the quarks and
gluons are confined in the colorless bound states called
AL =4 +he. hadrons, due to the quark condensate. Consequently, the
oS X0L,Cv )0 Cvy) approximate chiral symmetry SU(3), x SU(3)x is spontan-
eously broken to the subgroup SU(3)y. According to the
Goldstone theorem [68, 69], the breaking degrees of free-
dom generate 8 Nambu-Goldstone bosons (NGBs), which
AL=2+hc. compose the light pseudoscalar meson octets. The dilaton
OVEE X7, Crvir)ersers) is not changed during the confinement of the quarks and
T.LL W Cot™yr Ner.or e luons since it is free of the strong interaction. Thus, we
OXW X( Lp Lr)( RsO uv Lt) g . . X X g R X
O 20T, Cri)Ersers) expect it to participate in the interactions of h'adrons. in
1L .’ ) various low-energy processes, and we can obtain a chiral
O X (v, Cvi)iiRsiLs) theory with dilatons [28, 29].
OLLk XL, Co v ) iaRs O yitL) Adopting the CCWZ formalism [70—72] developed
OSR X0 Vi) sitr:) by Callan, Coleman, Wess, and Zumino, the meson oct-
oS YO, Cvi s ets can be collected in a unitary matrix
o X}, Cotvi,)dpsopndrr) ()
vl . i u(x)=exp | i—r— |, (51
OX;/d X(VLPCVLr)(dLstt) 2f7r
X’vLefI‘u X(V{pceLr)(d_RsuLt) ith
T.LL T Y - wit
)(;/edtt X(VLI,CO'H err)(drsTuvitLs)
R X}, Cer)dLsurs) 70+ %n \2rt 2K+
V.RL T i d )
yvedu X(VLPCV err)drsyutLe A 1
_ = 2n ' — 2K°
)‘(/‘v’ffj“ XL, CYere)dRsYyultrr) ()4 V2 \V3 n \Z ’
_ 2
V2K~ V2K - g
V3
(52)
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where 14 are Gell-Mann matrices. This matrix is covari-
ant as

u(x) = Vou(x)V' = Vu(x)Vyi, (53)

where (V,,Vz) € SUB).xSUB)z, and VeSUB)y. To
construct the most general Lagrangian, we define the
meson building blocks to be covariant under SU(3)y
solely

u, =—i (u+6#u - uﬁﬂuT) , (54)
which transforms under SU(3)y as

u, — Vu#VT,

VeSUQB)y. (55)

1

The covariant derivative D, is defined as

D;Auv = 6yuv+[ryauv], (56)

where T, is the chiral connection
_Los i
r,= 5(14 Oyu+ud,u'). (57)

The leading-order (LO) Lagrangian is composed of two
U,

2

L= %’tr(uﬂu"), (58)

which implies the meson momenta p, or the partial deriv-
ative of the mesons, is an expansion quantity of the Lag-
rangian. Thus, the building block u, is of order p, and the
LO Lagrangian is of order p*.

Because the chiral symmetry is approximate, the
mesons are not strictly massless. The mass terms are in-
troduced by external sources

.o VLV, VeSUuQ)y, (59)

where

T =u'Mu +uMu, (60)

with M the quark mass matrix, and the subscript + im-
plies their parity. The pure-meson Lagrangian has been
constructed up to p® [73-82].

Furthermore, the baryon building blocks could be in-
cluded by an octet,

1 1
34— T+
N 1 1 P
B= z- ——304 —A ,
V2o V6
ch =0 - A

(61)

which is covariant under SUQ3)y, B — VBV, It is crucial
that the baryon masses mp are comparable to the scale
Aqcp, and do not vanish under the chiral limit, thus, the
power-counting scheme of the baryons is different from
that of mesons. The momenta of the baryons are not small
quantities because of the on-shell condition

p* =g~ Adep (62)

thus, the derivatives of the baryons are powerless. One
way to manage the powerless derivatives is the heavy ba-
ryon projection (HBP) formalism [83—86]. The HBP
formalism adopts a time-like vector v* to project out the
large component of the momenta (v-p)»* and the small
component v4 =1 — (v- p)v*. Consequently, the baryon B
can also be projected into different components

B=8B+H, (63)
where 8 = P} B, and H = P, B, with the projectors

1+tv-
Pi= ;7. (64)

Preserving the component 8 and integrating out the com-
ponent H, we obtain an expansion over a small quantity

v which is just the baryon mass mp if we adopt the

rest frame and set v =(1,0,0,0). Consequently, the Lag-
rangian in the HBP formalism can be regarded as a simul-
taneous expansion by both Aqcp and mp. Thus, we define
the power of an operator with baryons as the power of
both the meson momenta p and the mass inverse 1/mg in
the HBP formalism. The LO meson-baryon Lagrangian is

_ D _
L) = tue(Biy"D,B) - o By ys(u, BY)

F —
- Etr(By"y5[uﬂ, B])—tr(BmgB), (65)

where the subscript implies it is of power p. The meson-
baryon operators up to p°> have been constructed [84, 85,
87-93].

In addition to the building blocks above, the dilaton
®(x) is a scalar field transforming trivially under the
SU(3)y symmetry. Since it is a Nambu-Goldstone boson,
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it can be expressed in the exponential form
® = frexplx/f) (66)

similar to the mesons in Eq. (51). Utilizing these build-
ing blocks, the effective action involving dilatons should
be scale- invariant, which means the effective operators
O should be scaled as

O(x) — e%0(e'x). (67)

Because the dilaton transforms under the scale symmetry
as

O —e'd=y - x+fid, (68)

we obtain the LO scale-invariant Lagrangian [94, 95]

fr 1 X X
L) = Zez)‘/f*tr(uﬂu“)+ Eez)‘/fx aﬂﬁ o=

f
sz,, !
-7 eV r(T,),

(69)

LY = u(Biy"D,B)— e tr((BmyB), (70)
where y is related to the mass anomalous dimension v,
by

Y=3=Ym- (71)

The factor et//x is called the dimension compensator,
whose powers are determined by the scale transforma-
tions of other fields.

Under the limit m = m, = my, the dilaton-meson and
dilaton-nucleon interactions can be obtained via the ex-
pansion of Eq. (69)

@ X _mBy x
L Dﬁ((ﬁﬁAé‘”ﬂA) 5 fxﬂAﬂA

1
= —(a#n+a“n— + Ea,,noaﬁno)

Jr
_ 2mB, 1
me Y (ot +570), (72)
X X
LYy, >-m,H 7= my - pp. (73)
X X

A. Pure-meson operators

In this subsection, we present the next-to-leading
(NLO) pure-meson operators, including the dilatons,

which are of p* order. In particular, we use (...
resent the traces in the SU(3)y space.

o(p*)

) to rep-

C+P+
feexp (-2 ) () (1)
feexp (6-2% ) (s
e (0-24 ) 2,20
feexn (0-2% ) E0ED
feewn (0-2% ) -2
feew (-2 ) £

C+P+
feexp (=28 ) () )
(-2 ()
e (0-2% ) 22
feew (0-2%) EoE)

B. Meson-baryon operators

In this subsection, we present the next-to-leading
(NLO) meson-baryon operators including the dilatons,
which are of p? order.

o(p*)
B?:

fxeXp( )
foexp (@—3)%) (BBE.)
feep (6-3)4 ) (BBED)
feen (0-3)% ) (B

feexp (0 3)fX)<BBy52_>

feew (0-3%) (BrB)E.)
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Bu?:

P+

C+
]}exp( L)(BB)<uﬂuf‘>
]j(exp( ) Bu#uf‘B

Fe
feexp ( fi) BBuﬂu“

=
<]
>
LS}

I
S——
T~

oo
%
<
=
<
=
o]
=
<
N

\_/\_//\
T~
o
<
:
‘x
[>]
~~

=
a
>
=
/\
b
~
~
o
\<
t:
~
~
T
=
~

fxexp( fi> <By a'“VBuM>DV,\(
X
fr

fyexp (— > <By a'“VuHB> D,y

B2

C+P+
frexp ( ) (BB)Dyx Dy
X
e

fyexp ( -2 ) <B’y“ D B> DyxDty

c-pP-

Srexp ( 2%) <By YD VB> DuxDyx

C+P-

feexp (<24 ) (By'y* B7B) DuxDox

In particular, the yPT operators presented here in-
volve only the lightest mesons and baryons. The heavier

mesons such as B can be introduced via the external
sources.

These hadronic operators can be matched from the

quark operators in the LEFT. Because of the confine-
ment, such a matching is non-perturbative. The tradition-
al matching method is to utilize various external sources
implementing the chiral-symmetry-breaking effects.

Buy:

However, the external source method becomes involved
for high-dimensional operators. An alternative method
using spurions rather than the external sources has been
developed, under which the matching is organized by the

C+P+

naive dimension analysis and can be extended to the

]}exp( fi) <BySBu“>D X
X

f)(exp< 7 ) <By u“B> Dyx

high-dimensional matching systematically [96]. Besides,
the non-perturbative effect can be taken into account via
quantitative methods such as lattice computation. The
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systematic matching deserves more investigation in the
future.

V. PHENOMENOLOGICAL ANALYSIS

Building upon the EFT framework derived in the pre-
vious sections, we observe that the dilaton couples to a
broad spectrum of SM fields across a wide range of en-
ergy scales, including gauge bosons, heavy quarks,
mesons, and nucleons. This diverse interaction structure
permits a comprehensive exploration by combining ex-
perimental results related to these particles. As men-
tioned before, while exact scale invariance yields a mass-
less dilaton even at the quantum level, a physical mass m,
is generated via explicit symmetry breaking, typically
through small deformations from nearly marginal operat-
ors. Throughout the parameter space considered in this
section, the ratio m;/f; remains sufficiently small, ensur-
ing that the associated O(m;/f?) corrections are negli-
gible and the EFT description remains valid. In this work,
we focus on two typical mass regimes where the dilaton
behaves either as a particle-like state or as a coherent
wave-like field.

For the particle-like regime, we concentrate on
masses around the MeV scale. Motivated by the stringent
constraints on ALPs from semi-invisible meson decays
[12, 97, 98], we treat the dilaton as an invisible particle
and investigate the specific mass window m, €[0.1,
200] MeV. We restrict our analysis to this range for two
reasons: for m, >2m, ~200 MeV, the dilaton lifetime de-
creases significantly due to the opening of the decay
channel y — u*u~, and the signal would be reconstructed
from visible dimuon final states, which falls outside the
scope of this study. For m, <0.1 MeV, stellar cooling
processes (e.g., in the Sun, red giants, white dwarfs) typ-
ically provide the dominant constraints [99, 100]. While a
systematic analysis similar to those performed for ALPs
[101] could be carried out for these mass regions, we fo-
cus here on the interplay between terrestrial experiments
and supernova limits. Within the chosen mass window,
we probe the dilaton via production at the LHC, rare
meson decays and cosmological observations, using the
dilaton EFTs derived earlier. The relevant Lagrangians
governing these processes are given by

= - DB X GG P Xo e e

2¢5 f, 1 2e f,

+2%m€VW;W+"

Be x y v v
- % A (c22Z, 2" + 20,7 F 7" + ) F oy F*)
X X -
+ My 2,2 = (L, ) my b0,
f)‘( Yy=ud,e f)‘(

X pro 3
Ligrr 2 CaXdipdrr,

X - X _
P D —mn—nn—m,,?pp, (74)
X

f

where the dilaton VEV satisfies f, > 1 TeV, since the
scale symmetry breaking scale is much larger than v, and
the coefficients ¢;; are given explicitly in Eq. (37). At the
LHC, we focus on the channel pp — jy, which has the
largest production cross section (see Table 2). For rare
meson decays, we study B* —» K*'y and K* — n*y, and
derive constraints from Belle Il and NA62 measurements.
Finally, we examine the astrophysical impact of dilaton
production on the late-time neutrino signal from
SN1987A. The resulting sensitivities for the convention-
al dilaton are presented in Fig. 4.

In contrast, for the wave-like ultralight regime, we fo-
cus on the mass range m, <107'°eV. Above this
threshold, constraints are typically dominated by fifth-
force searches [40, 41] sensitive to long-range dilaton ex-
change, which manifests as violations of the WEP or de-
viations from the gravitational inverse-square law. In the
ultralight regime considered here, the primary observable
is the oscillation of the fine-structure constant driven by
the dilaton-photon coupling. Constraints on the dilaton
VEV, derived from precision measurements of these os-
cillations using atomic clocks and atom interferometers,
are summarized in Fig. 5.

A. Survival probability of the dilaton

For the mass regimes in which the dilaton behaves as
a conventional particle, it can decay into both photon
pairs and electron pairs. It is therefore necessary to ac-
count for the effect of dilaton decays in our analysis.
Within the Lagrangian given in Eq. (74), the tree-level
partial decay widths for y — yy and y — e*e™ are

m3

_ X
4rf?’

I —=yy)= ([;;Cw)z

3
o Yt 1Pmim 4m? '\’
F(X—>e+e)=Tf2X I—W . (75)

X X

Using these channels, the decay length of the dilaton in
the laboratory frame is

hE,
e,
Tt (x) m,

d=yct, = (76)

where I'(x) and 7, are the total decay width and proper
lifetime of the dilaton, y =E,/m, is its Lorentz boost
factor, and E, denotes its energy. If the dilaton VEV f,
or its energy E, is sufficiently small, the produced dilaton
may decay into visible e*e™ or yy pairs inside the detect-
or. To incorporate this effect, we define a survival factor
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Table 2. Production cross sections of the dilaton in different scattering channels at the HL-LHC, where the dilaton VEV and mass are
fixed to f, = 10TeV and m, = 1MeV, respectively. The production cross sections for other values of the dilaton VEV can be obtained by
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rescaling with a factor proportional to 1/ f)'(z.

Process pp — tiy pp = JjX

pp — Wx pp—Zx PP =YX

o /pb 0.075 7.11

0.58 0.21 445x%107°

“X

K

q g

Fig. 2. Representative Feynman diagrams for the signal process pp — jy.

for each of the experiments,

f*ur,exp = e_LeXp/d7 (77)

where L, is the relevant detector size. This factor rep-
resents the probability that the dilaton remains invisible
(i.e., does not decay visibly) while traversing the detector,
and it must be included when deriving constraints on the
dilaton parameter space.

In the subsequent LHC phenomenology, the pro-
duced dilatons are highly boosted. Nevertheless, for large
dilaton masses or small f,, there remains a small probab-
ility for decays into e*e” and yy inside the detector. We
therefore include the survival factor in our analysis, ad-
opting a typical dilaton energy E, 1uc = 120 GeV'" and a
detector size L;yc = 10 m. For the search via B* — K*y at
Belle 11, we use a representative laboratory-frame energy
E, peenn = 3 GeV and a detector size Lgen = 8 m. For the
channel K* — 7"y at NA62, we take E, nacx =30 GeV
and Lnaez = 150 m. With these experimental parameters,
the survival factor can be evaluated for collider and rare-
decay measurements, thereby yielding realistic con-
straints on the dilaton VEV f,.

B. Dilaton production at LHC

The Lagrangian in Eq. (74) implies direct couplings
between the dilaton and SM elementary particles. Produc-

tion cross sections for the dilaton through various chan-
nels are listed in Table 2. In this work we focus on the
channel pp — jy, which yields the largest cross section.
Representative Feynman diagrams for these processes are
shown in Fig. 2. Before decaying into e*e™ or yy, the
dilaton behaves as an invisible particle at a high-energy.
Consequently, the pp — jy channel gives rise to a mono-
jet signature, which has been extensively studied in previ-
ous LHC searches [102—104]. The dominant SM back-
grounds for the mono-jet final state are

pp = 2j.3j.4), pp— jJW (= *v), pp — jZ(— vv),

where ¢ = e,u. For simulation, the dilaton model is imple-
mented in FeynRules [105]. Signal and background
events are generated with MadGraph [106], followed by
parton showering and hadronization performed with Py-
thia8 [107]. Detector effects are incorporated using Del-
phes [108].

To optimize the sensitivity to the dilaton, a set of kin-
ematic selection cuts is applied to suppress SM back-
grounds. These cuts are summarized in Table 3. Here, £,
denotes the transverse missing energy, and N, is the num-
ber of jets with P7 >20 GeV and |,/ <5.0. P and 7; de-
note the transverse momentum and pseudo-rapidity of
particle 7, respectively. The azimuthal separation between
the leading and subleading jet is A@(ji, j2) =¢;, —¢jl,

1) This choice reflects the requirement imposed in the mono-jet selection of our analysis.
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Table 3. Optimized selection cuts for dilaton production via pp — jy at LHC.

Cuts Description Values
1 Mono-jet signature Er>120GeV,0<N; <2
2 Leading jet kinematics Pjrl > 60 GeV, [nj,| < 2.5,
3 Sub-leading jet kinematics Ad(j1, j2) < 2.0,
4 Veto isolated lepton Ne=0.

and N, counts charged lepton satisfying P! > 10 GeV and
7/l <2.5. A large missing transverse energy requirement
is essential to define the mono-jet signature. To retain
signal efficiency, the presence of a second jet is allowed.
Cuts on the leading jet (P} > 60 GeV, [n;|<2.5) and on
the azimuthal separation between the two jets
(A@(ji1, j) < 2.0) significantly suppress the multi-jet QCD
background. Finally, events containing an isolated
charged lepton are vetoed (N, =0)to reduce the back-
ground from jW#* production. The cutflow for the signal
and the dominant backgrounds is presented in Table 4.

To quantify the sensitivity to the dilaton signal, we
define the 90% confidence level (C.L.) exclusion signific-
ance based on a likelihood analysis [109] as

_ (L5 2EB) 78
Texe = 21n( LBIB) > 1.65, (78)

where L denotes the Poisson likelihood function. This cri-
terion corresponds to a one-sided 90% C.L. exclusion un-
der the asymptotic approximation. Here, B represents the
expected number of background events at the HL-LHC
with an integrated luminosity of £=3ab™', and S de-
notes the number of signal events, which scales as 1/ Jf
The Poisson likelihood function is defined as

Y

LX|Y) = % e X, (79)

Within this framework, the resulting constraints on f, as
a function of the dilaton mass in the range m, €[0.1,
200] MeV are shown as the purple shaded region in Fig.
4. We find that the HL-LHC is sensitive to a dilaton VEV
up to approximately 20 TeV over the considered mass
range.

C. Semi-invisible decays of B and K meson

In addition to direct collider searches, the dilaton can
be probed through rare semi-invisible decays of B and K
mesons, provided its mass is below the relevant kinemat-
ic thresholds: m, < mp: —mg+ or m, < mg+ —my:.

For the B meson system, the flavor-changing neutral
current transition b — 3y arises at the one-loop level.
Representative Feynman diagrams are shown in Fig. 3.
These contributions are encapsulated in the effective Lag-
rangian

£~ OmtDmy3 V2Grm?V; Vi
wbs i 1672

ybgs,+h.c., (80)

where V,, are Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements. The contribution from the operators
xb.sk is neglected, as it is suppressed by a factor of
mg/my, ~0.02 compared to Eq. (80). Under the effective
Lagrangian of dilaton, the branching ratio for B* — K*y
is

Br(B* — K*y)

2
1 [y, + Dy 3V2Grm2 VeV, |~ 4,

[pe 1y 1672
X|<K+|§LbR|B+>|2®(mB+_mK+_m)()’ (81)

167m3,.

where Axoyz = [mf( - (my + mz)z] [mg( - (my - mz)z] , FB*' is
the total decay width of B* meson, and the hadronic mat-
rix element is given by [110]

m2+ - m2 +
K I5ubalB) = 50— i (). (82)

Table 4. Cutflow for the signal and SM backgrounds. The dilaton benchmark point is taken as m, = 1 MeV, f, =10 TeV.

Cross section for signal and background/pb

cu pr = Jx pp—2j pp—3j pp—4j pp = jW=(= *v) pp = JZ(—vv)
Cut 1 0.078 13308 988.85 108.18 54.99 52.43
Cut 2 0.072 522 466.96 42.07 51.70 49.77
Cut 3 0.059 102 47.70 15.14 40.96 41.13
Cut 4 0.059 102 47.70 15.14 21.48 41.12
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Fig. 3. Representative one-loop Feynman diagrams for B* — K*y channel.

100k

f¢ [TeV]

NA62

10°E

100 -
10" 10° 10° 10"

my [GeV]

Fig. 4.
The purple shaded region denotes the exclusion from HL-

(color online) Constraints on the dilaton VEV f,.

LHC. The region between the two blue dot-dashed lines cor-
responds to the 90% C.L. allowed region for the dilaton VEV
when the excess observed at Belle II [114] is interpreted as a
signal of new physics, while blue shaded region denotes the
exclusion obtained under the assumption that the excess arises
from statistical or systematic fluctuations. The green shaded
region shows the exclusion from the NAG62 collaboration
[119]. The gray dashed contour indicates the approximate ex-
clusion derived from SN1987A [126], where the input para-
meters used in the estimation are summarized in Table 5.

Here ff* is the form factor for the B* — K* transition.

We adopt the parameterization from Ref. [111]

1
OBK (qz) _ : _qz/mIZQ
k

S af:(@)-200".  (83)

=0,1,2

with a resonance mass mg =5.711 GeV. The conformal
mapping variable is

Agy= YL VL (84)
vV f+—6]2+ m

where ty=t. (1- VI=1_/t,;) and t. = (mg £mg+)*. The
coefficients ¢, fitted to a combination of lattice QCD res-
ults from the HPQCD collaboration [112] and light-cone
sum rule (LCSR) calculation [110], are a=
0.3233(67), a; = 0.214(57), a, = -0.12(13) [113].

The dominant SM background for the B* — K*y
search is the decay B* — K*vv. Recently, the Belle II col-
laboration reported a branching ratio measurement of
Br(B* = K*v¥)ey, = [2.3 £ 0.5(stat) =) 3(syst)] x 107> [114],
which exceeds the SM prediction Br(B* — K*v¥)sy =
[0.497 +0.037] x 1073 [115] by approximately 2.7c. Inter-
preting this excess as a potential contribution from new
physics, the 90% C.L. allowed range for the non-SM
branching ratio is Br(B* — K* +inv)yp = (1.87]7)x 1075 If
this excess is attributed to the dilaton, the branching ratio
in Eq. (81) is required to satisfy

0.7x 107 < Br(B* = K*x) furpeie 1 <3.0x 107, (85)

This requirement corresponds to the allowed parameter
space enclosed by the blue dot-dashed lines in Fig. 4,
which restricts f, to a range between approximately
35 TeV and 70 TeV.

On the other hand, the excess may also be explained
by statistical or systematic fluctuations. In this case, we
derive a 90% C.L. constraint on the dilaton VEV using
the experimental uncertainty at Belle II, which leads to

Br(B" — K*)) furpene 1 < 1.2%107°. (86)

The corresponding exclusion region in the (m,, f,) plane
is shown as the blue shaded region in Fig. 4. We find that
the resulting constraint on f, can reach up to approxim-
ately 55 TeV, which is stronger than that from direct col-
lider searches over the entire considered mass range
m, €[0.1,200] MeV.

Analogously, constraints can be derived from the rare
decay K* — n*y. The relevant effective Lagrangian is ob-
tained from Eq. (80) by replacing b — 5 and final 5§ — d.
The branching ratio is

Br(K* - 'y)

2
U [0y + Dy 3V2G,m2 Ve Vi | Ay

- FK+ f)‘( 1671'2
< | | dusi| K*)[ @ (e —mye —m,). 87)

167tm3,.

where the hadronic matrix element is [110, 116]
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2 2
(et dysplK Ty = K T gl (2 (88)

Z(ms_md) 0 X

The form factor fK*(¢*) is very close to unity for
0 < ¢? < (mg—my)? [117, 118]. The primary SM back-
ground in this channel is K* — n*vy. The latest measure-
ments from NA62 have already measured the differential
distribution of branching ratios versus the mass of invis-
ible new particle at 90% C.L. (as shown in Fig. 8 in Ref.
[119]). The constraint on the dilaton is therefore given by

Br(K* — 7)) furnas2 < Br(K™ — " +inv)nae- (89)

The corresponding excluded region is also presented in
Fig. 4. The sensitivity from NA62 reaches f, ~ 2000 TeV,
approximately one order of magnitude stronger than the
limits from Belle II and the HL-LHC. However, a weak-
er exclusion is observed for m, €[100,150] MeV due to
the large irreducible background from K* — 7*2° decay
in that mass region. For this specific window, the Belle-I1
and HL-LHC searches provide complementary probes of
the dilaton parameter space.

D. Dilaton production in SN1987A

For dilaton masses below a few hundred MeV, on-
shell production can occur within the core of compact as-
trophysical objects. Inspired by extensive studies on pro-
duction and subsequent signatures of ALPs in various
high-energy astrophysical environments [120—123], the
production and decay processes of dilatons might signi-
ficantly influence the evolution and observational signa-
tures of these objects [124, 125]. In this work, we primar-
ily utilize the observed late-time neutrino signal from
SN1987A [126] to constrain the dilaton's couplings to
matter. The standard cooling bound is obtained by requir-
ing that the luminosity carried away by dilatons does not
exceed the benchmark neutrino luminosity Lgy ~ 10°
erg/s inferred from the SN1987A neutrino data.

Following Refs. [127—129], the energy-loss rate per
unit volume due to dilaton emission from the supernova
core is estimated as

e (52 gt (1) i (2 s

where my/ f, denotes the effective dilaton-nucleon coup-
ling, Tsy is the core temperature, m;, is the pion mass, and

pr 1s the nucleon Fermi momentum. The dimensionless
function G, is given by

: ©
4, 2 3 5 =
2u +64(28u + 5u’)arctan .

5 V2ub 22 +2)
T4 V2+u2 u? '

arctan

oD

To approximately account for finite-mass effects, we in-
troduce a correction factor £(T,m,) following Ref. [129]:

[
dx

® X
/deﬁ

This factor captures the leading phase-space suppression
associated with the relativistic dispersion relation

E=/p*+m] for on-shell dilaton emission, effectively
replacing the massless Bose-Einstein integral [~ dxx?/

&(T,my) =

(92)

(e¥/T —1) with its massive counterpart f,: dxx /x> —m2/
(e*'" —1). The approximation is valid when m, < O(few)x
Tsy and the dilaton remains in the free-streaming regime
without significant trapping effects. In this regime, ¢ in-
terpolates between the relativistic limit (¢ —» 1 for
m, < Tsy) and the Boltzmann-suppressed regime
(m, > Tsy). For the benchmark parameters adopted in
our analysis (See Table 5), this correction remains within
the overall order-of-magnitude uncertainty of the
SN1987A cooling bound. A fully numerical treatment in-
cluding detailed production and trapping effects would be
required for higher precision, which is beyond the scope
of the present estimation.

After being produced in the core, the dilaton may de-
cay or be reabsorbed while propagating through the su-
pernova medium. This effect is approximately incorpor-
ated via an escape probability

Pesc. ~ e*RSN/(YCTx)e*RSNQ)(//’)( , (93)

where Rgy is the core radius, and y and 7, denote the
boost factor and lifetime (including the decay channels in
Eq. (75)) of the dilaton, and p, is the dilaton energy dens-
ity estimated in the equilibrium limit at the supernova
core temperature Tgy.

Table 5. Typical values of input parameters used in the estimation of SN1987A constraints, following Ref. [128].

Parameter PF TsN My

my RsN Y

Value 200 MeV 30MeV 140 MeV

3TSN/mX (fOI‘ my, < 3TSN)

1 (for my > 3TsN)

940 MeV 10 km
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Finally, the constraint from SN1987A is obtained by
requiring the total energy-loss rate to satisfy

Pesc. Q)( VSN < LSN7 (94)

where Vsy = (47/3)R3y is the core volume. The corres-
ponding constraints on the dilaton VEV are shown as the
gray dashed region in Fig. 4. For m, € [0.1,200] MeV, we
obtain an exclusion of f, ~O(10*-10° TeV, consistent
with existing supernova bounds on dilaton [127].

E. Atomic clocks and interferometers
In this section, we derive constraints on the dilaton as
a candidate for ultralight dark matter (ULDM) [130]. In
the regime m, < 1 eV, the high galactic occupation num-
ber allows the DM to be treated as a classical coherent
field. Assuming the dilaton saturates the local DM dens-
ity, ppm = 0.3GeV/cm?, the field evolves as

V2ppMm

X

x(x,0) = cos[m, (t—v,-X)+---], (95)

where v, is the local DM velocity. The velocity disper-
sion vy, ~ 1073¢ implies a coherent time eon ~ 27/ (m,v2,),
during which the field behaves as a monochromatic wave.

Couplings between the dilaton and SM fields, as in-
troduced in Eq. (42), induce temporal oscillations in fun-
damental constants. Specifically, the photon coupling
leads to variations in the fine-structure constant a,

Aa(t) 2. x
a ~ e )’Vf)‘('

(96)

Analogous variations occur in fermion masses and the
QCD scale, thereby modulating atomic transition ener-
gies. These energies depend on a and the proton-to-elec-
tron mass ratio u = m,/m,, scaling as

Jalt) oc @2, (97)

Here, the explicit o® dependence arises from the Ry-
dberg constant (R, « a?), while &, parametrizes the sens-
itivity of relativistic corrections specific to the transition
A [131]. The exponent £, characterizes the dependence
on the mass ratio, taking values of {4 ~ 1 for hyperfine
transitions and ¢4 ~ 0 for optical transitions.

Atomic precision experiments [132—134] provide the
most stringent constraints on such dilatons, especially via
searches for oscillating a. Atomic clock comparisons [37,
43] exploit transitions with different a sensitivities. The
fractional variation in the frequency ratio of two optical
transitions, v, and v, is given by

BOA) _ (g, )22 )
ValVe @

Figure 5 shows the projected unit signal-to-noise ra-
tio (SNR = 1) sensitivity to the VEV f,, assuming a
sampling rate of 1 Hz. We consider E3 transitions in
Yb" compared to ?*’Al’, for integration times of
Tin = 10* s and 7y, = 10® s. The sensitivity scales with the
number of coherent measurements, enhancing stability by
a factor B = (min{Tiy, Teon}/AT)?, where Ar is the
sampling interval. The detection strategy depends on the
DM mass relative to the integration time. We require the
dilaton frequency w, =m, /2 below the sampling rate for
an isolated spectral peak. For 27/m, > 7;, the dilaton
field evolves slowly, manifesting as a linear frequency
drift indistinguishable from systematic noise. In this re-
gime, the bounds become mass-independent, represented
by the flat extension in the sensitivity curves.

Complementary to co-located clocks, atom interfero-
metry [135] exploits spatially separated interferometers
acting on a single atomic species referenced to a com-
mon laser. The ULDM-induced oscillation in the trans-
ition energy, Afa/fix =éa(Aa/a), generates a differential
phase shift. For an interferometer with baseline L, inter-
rogation time 27 and n large momentum transfer pulses,
the signal phase amplitude is [45]

O, = Sif sin {mXZnL} sin {mX(T—;n— I)L)} sin {m)z(T} ',

99)

We present projected sensitivities for the Atom Inter-
ferometer Observatory and Network (AION) in Fig. 5,

w, [Hz]
10" 10 10" 10° 10 10° 10
T T T T T T T

7,
o

m, [eV]

Fig. 5.
VEV f, as a function of dilaton mass m,. Red curves depict
the SNR = 1 sensitivity envelopes of the Yb"/Al" clock com-
parison experiment, for i, = 10*,10% s (deep red, light coral).
Also depicted are sensitivities of different AION stages.

(color online) Sensitivity projections for the dilaton
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following the parameters in Refs. [46, 47] and assuming
solely photon coupling. Terrestrial configurations
(AION-10, -100, -km) show significant sensitivity gains
with increasing baseline, potentially probing f, ~ 10%
GeV for masses m, ~ 107'° eV. However, terrestrial per-
formance at low frequencies (w, 2 0.1 Hz) is saturated by
gravity gradient noise (GGN). The proposed space-based
detector AEDGE avoids this limitation, extending sensit-
ivity to lower masses until GGN becomes dominant be-
low 10~ Hz.

VI. CONCLUSIONS

In this work, we have developed a systematic EFT
framework for the dilaton, the pNGB arising from the
spontaneous breaking of scale symmetry. Employing a
scale-invariant regularization scheme, we derived the uni-
versal coupling of the dilaton to the trace anomaly,
demonstrating consistency with the conformal com-
pensator formalism while enabling a rigorous treatment
of renormalization group evolution. Importantly, the run-
ning behavior of dilaton couplings constructed from the
p-functions can be inferred from the conventional theory,
as higher-loop differences are suppressed by inverse
powers of the dilaton VEV and are thus negligible for the
discussion in this work.

Assuming a conformal sector in the UV, we determ-
ined the effective interactions of the dilaton with SM
fields after the scale symmetry breaking. We extended the
formalism to include higher-dimensional operators and

constructed a consistent tower of EFTs across energy
scales, as illustrated in the top panel of Fig. 6: from the
dilaton-extended SMEFT near the electroweak scale,
down to the LEFT below my ~ 100 GeV, and finally to
xPT below my ~ 1 GeV. We explicitly provided a model-
independent basis for dilaton operators in LEFT up to di-
mension 7 and identified the independent NLO operators
in yPT, which can be matched to each other by the chiral
symmetry.

We demonstrated the utility of this framework
through a comprehensive phenomenological analysis
across two distinct mass regimes, in which dilaton mani-
fests as either conventional particle or wave-like particle.
For MeV-scale dilatons behaving as conventional
particles, we derived constraints from the HL-LHC
(pp — jx), Belle Il (B* — K*y) and NA62 (K™ — nty).
Additionally, we utilized the nucleon-dilaton coupling de-
rived in yPT to evaluate its contribution to energy loss
rate in the core of SN1987A. We found that laboratory
experiments probe dilaton VEV f, of O(10) ~ O(1000)
TeV for m, €[0.1,200] MeV, while SN1987A excludes
VEVs in the range O(10%) ~ O(10°) TeV. In the ultralight
regime (1072 eV < m, < 107'°eV), where the dilaton be-
haves as wave-like DM, we showed projected sensitivit-
ies for atomic clocks (Yb'/Al") and atom interferometers
(AION stages and space-based AEDGE). We demon-
strated that future experiments could reach sensitivity of
f, up to O(10%") TeV with clocks and O(10*?) TeV with
space-based interferometry.

By systematically connecting high-energy collider

Atom/nuclear | Dilaton ChPT IDilaton LEFT | Dilaton SMEFT | Conformal sector
D I |
\,\mﬂ my, Jj{ Energy scales
wave-like dilaton T . particle-like dilaton
P — T ﬂ“ ' —
10-22 10718 10714 10-10 10°¢ 1072 102 100

Atom interferometry

EP tests (E6t-Wash + MICROSCOPE)

(color online) Top panel: Hierarchy of energy scales for the dilaton EFTs constructed in this work. Bottom panel: Summary of

Fig. 6.

I I I I
Dilaton mass [eV]

Stellar cooling
SN1987A

Collider bounds

current and future laboratory experiments, cosmological observations and astrophysical measurements to set constraints on the dilaton

parameter space. The mass spectrum is divided into two distinct regimes: wave-like and particle-like dilatons, demonstrating the com-

plementary coverage of diverse experimental probes.
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searches with low-energy precision frontiers, this study
establishes a robust foundation for identifying scale-in-
variant new physics. While the current analysis relies on
LO matching, future efforts will address higher-order
matching procedures to further refine the precision of
these predictions.

Looking ahead, this unified framework paves the way
for extended phenomenological studies across the full
mass spectrum. We plan to broaden the scope of analysis
as illustrated in the bottom panel of Fig. 6:

e Wave-like regime: Investigations of Pulsar Timing
Arrays (PTA) [136] to probe the nanohertz frequency
range, mechanical resonator experiments [137] to cover
the kHz-GHz window, and Equivalence Principle (EP)
tests [40, 41] to constrain long-range scalar forces.

e Particle-like regime: Refined astrophysical con-
straints from stellar cooling (the Sun, red giants, and
white dwarfs) [99, 100] to bridge the sensitivity gap in
the keV region.

e Visible signatures: Analysis of additional rare
meson decay channels, such as visible resonances in
B* — K*u*u~ [138], which offer complementary sensitiv-
ity to the invisible channels studied here.

All the above experimental probes would provide a
comprehensive search strategy on light dilaton particle.
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