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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.

Keywords: dilaton, effective field theory, BSM models

DOI: 10.1088/1674-1137/ae6da0        CSTR: 32044.14.ChinesePhysicsC.50073112

 

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-

al and experimental efforts.

U(1)

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  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-physics1) 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
(χPT) 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

SO(2,4)

In  this  section,  we present  the  theoretical  framework
to construct  an  EFT  for  a  light  dilaton.  When  the  con-
formal  group  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 χ,  is  required  to  restore  conformal  invariance  in
the  effective  Lagrangian  [50].  At  leading  order  in  the
dilaton field, its interactions with the visible-sector fields
are usually given by a single term [33] 

Lint = −
χ

fχ
T µ

µ, (1)

χ, fχ
fχ

T µ
µ

where  refer  to  the  physical  dilaton  field  and  the
dilaton vacuum expectation value (VEV)  respectively
and  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-
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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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µ(x)

valent ways: the conformal compensator method and the
scale-invariant regularization  using  a  dynamical  subtrac-
tion  scale .  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

L(x) =
L({ϕ(x),∂µϕ(x)}) xµ→ eλxµ

dϕ ϕ(x)→
edϕλϕ(eλx)

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 

. Under scale transformation , a
field ϕ of  scaling  dimension  transforms  as 

.  The  associated  Noether  current  in d dimen-
sions is 

Jµ =
∂L

∂(∂µϕα)
(dϕ+ xµ∂µ)ϕ− xµL = xνT µν, (2)

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

T µ
µ = ∂µJµ =

∂L
∂ϕ

dϕϕ+
∂L
∂∂µϕ

(dϕ+1)∂µϕ−dL. (3)

T µ
µ = 0

d = 4−2ϵ

This relation implies that exact scale invariance requires a
vanishing  trace .  As  an  illustration,  consider  the
QCD Lagrangian in  dimensions,
 

LQCD = ψ̄(i/D−m)ψ− 1
4g2

Ga
µνG

aµν, (4)

Ga
µν

Dµ

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

T µ
µ = mψ̄ψ− 2ϵ

4g2
Ga
µνG

aµν. (5)

G2 ≡Ga
µνG

aµν

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

−2ϵ
G2

4
=
β(g)
2g

G2+γmmψ̄ψ, (6)

β(g) γm

ϵ→ 0

where  is the QCD beta-function and  is the quark
mass  anomalous  dimension.  Inserting  this  relation  and
taking the  limit, one recovers the well-known QCD
trace anomaly
 

 

Fig. 1.    (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.
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T µ
µ = (1+γm)mψ̄ψ+

β

2g3
G2. (7)

T µ
µ ϵ

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  without the dimensional regulator  can
be derived by writing the Lagrangian in terms of the an-
omalous couplings and operators 

L =
∑

i

gi(µ)Oi(x), (8)

Oi di

x→ eλx
µ→ eλµ

Oi(x)→ eλdiOi(eλx)

where  the  coupling g depends  on  the  renormalization
scale μ and the operator  has scaling dimension . The
scale transformation  is equivalent to shifting the
renormalization  scale  as  while  the  operators
transform  as .  The  variation  of  the
Lagrangian  under  this  combined  transformation  directly
yields [33] 

T µ
µ =
∑

i

β(gi)Oi(x)+
∑

i

(di−4)gi(µ)Oi(x), (9)

β(gi) = µ
∂gi

∂µ
where . 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] 

Φ = fχeχ/ fχ , (10)

fχ = ⟨Φ⟩

χ(x)→ χ(eλx)+ fχλ

where  is  the  order  parameter  for  spontaneous
conformal symmetry breaking,  determined by the under-
lying  conformal  sector.  Under  scale  transformations, χ
transforms  non-linearly  as ,  while  the
compensator transforms linearly as 

Φ(x)→ eλΦ(eλx). (11)

4−di

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

gi(µ)→ gi

Å
µ

fχ
Φ

ãÅ
Φ

fχ

ã4−di

. (12)

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

Leff =
∑

i

gi(µ)Oi(x)

−
∑

i

[
β(gi)Oi(x)+ (di−4)gi(µ)Oi(x)

] χ
fχ
, (13)

L

− χ
fχ

T µ
µ

T µ
µ

where the first term is the original Lagrangian , and the
second term  precisely  gives  the  universal  dilaton  coup-
ling to the trace of the energy-momentum tensor, ,
with  given in Eq. (9).

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. 

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.

d = 4−2ϵ

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

L(d)
inv =

1
2
∂µΦ∂

µΦ− µ(Φ)−2ϵ

4g2
G2+ ψ̄i/Dψ− yµ(Φ)ϵΦψ̄ψ, (14)

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

µ(Φ) = zΦ
1

1−ϵ , (15)

µ(Φ)
1

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

.

fχ = ⟨Φ⟩
After  spontaneous  scale  symmetry  breaking,  the

dilaton field Φ can be expanded around its VEV ,
which represents the scale of new physics, 

Φ = fχ+χ, (16)
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µ(Φ)
µ0 ≡ µ( fχ)

χ≪ fχ

where the fluctuation field χ denotes the physical dilaton
particle. The scale function  now generates the usual
renormalization  scale .  For  small  fluctuations

, the effective Lagrangian reduces to 

L(d) = −µ−2ϵ
0

1
4g2

G2+ ψ̄i/Dψ− yµϵ0 fχψ̄ψ

− χ

fχ

ï
−µ

−2ϵ
0

4g2
2ϵG2+ yµϵ0 fχψ̄ψ

ò
, (17)

χ,ϵ

µ0

m = y fχ

T µ
µ

ϵ→ 0

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

Leff = −
1

4g2
G2+ ψ̄i/Dψ−mψ̄ψ− χ

fχ
T µ

µ. (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].

βg,βm

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 μ is  governed  by  the  beta  functions

. 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 

(∑
ϕ,k

pϕk
∂

∂pϕk
+m

∂

∂m
+µ

∂

∂µ
+
∑
ϕ

(
cϕnϕ

)
−4

)
G(nϕ) (pϕk

)
= 0,

(19)

ϕ = (Gµ,ψ, ψ̄)
nϕ = (nG,nψ,nψ̄)

cϕ = (3,
5
2
,
5
2

) pϕk

4−∑cϕnϕ

where  labels  the  gluon,  quark  and  anti-
quark  fields,  denote the  numbers  of  ex-
ternal legs of each type, ,  and  is the mo-
mentum for the k-th leg for the field ϕ. This identity en-
sures the correct engineering dimension  of the
Green's  function,  accounting  for  the  implicit μ depend-
ence introduced by renormalization. The μ dependence is
further  constrained  by  the  Callan-Symanzik  equation,
which expresses  the  independence  of  physical  observ-
ables from the arbitrary renormalization scale μ: (

µ
∂

∂µ
+βg

∂

∂g
+βm

∂

∂m
+
∑
ϕ

nϕγϕ

)
G(nϕ)

(
pϕk
)
= 0, (20)

with  the  beta  functions  and  anomalous  dimensions
defined as 

βg = µ
∂g
∂µ
, βm = µ

∂m
∂µ

, γϕ =
µ

2Zϕ

∂Zϕ
∂µ

, (21)

Zϕwhere  are the  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: Å∑

ϕ,k

pϕk
∂

∂pϕk
+ (m−βm)

∂

∂m
−βg

∂

∂g

+
∑
ϕ

nϕ
(
cϕ−γϕ

)
−4
ã

G(nϕ) (pϕk
)
= 0. (22)

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

d
dlog(p/µ)

ḡ(p;g) = β(ḡ), ḡ(p = µ;g) = g,

d
dlog(p/µ)

m̄(p;m) = β(m̄), m̄(p = µ;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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(∑
ϕ,k

pϕk
∂

∂pϕk
+ fχ

∂

∂ fχ
+
∑
ϕ

(
cϕnϕ

)
−4

)
G(nϕ) (pϕk

)
= 0, (24)

ϕ = (Gµ,ψ, ψ̄,χ) cϕ = (3,
5
2
,
5
2
,3)

fχ

µ0 = z fχ

where  with ,  and  we  have
explicitly included the derivative with respect to the VEV

. A  second  important  change  is  that  the  renormaliza-
tion scale  is  now dependent  on the VEV through the di-
mensionless  parameter z,  defining . Physical  ob-
servables  must  be  independent  of  the  arbitrary  choice  of
z,  leading  to  a  Callan-Symanzik-like equation  with  re-
spect to z: (

z
∂

∂z
+ β̂g

∂

∂g
+ β̂y

∂

∂y
+
∑
ϕ

γ̂ϕnϕ− γ̂χ fχ
∂

∂ fχ

)
G(nϕ) (pϕk

)
= 0,

(25)

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

β̂g = z
∂g
∂z
, β̂y = z

∂y
∂z
, γ̂ϕ =

z
2Zϕ

∂Zϕ
∂z

. (26)

fχ

fχ

Here,  the dimensional fermion mass m of  standard QCD
is replaced by the dimensionless Yukawa coupling y, and
the z dependence  of  the  VEV  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

, we use the quantum action principle, which yields the
additional scaling relation Å

fχ
∂

∂ fχ
− z

∂

∂z
− y

∂

∂y

ã
G(nϕ) (pϕk

)
= −i⟨χ∂L

∂χ

∏
k

ϕ(pϕk )⟩. (27)

y→ 0
m = y fχ

γχ

The right-hand side corresponds to diagrams with a single
insertion of the dilaton. We now consider the decoupling
limit  while  keeping  the  physical  fermion  mass

 finite.  In  this  limit,  the  dilaton  becomes  non-
propagating, the anomalous dimension  vanishes at the
relevant  order,  and  the  insertion  term  on  the  right-hand
side of Eq. (27) can be neglected. Combining Eqs. (24)−
(27) then  produces  a  scaling  equation  of  identical  func-
tional form to Eq. (22): Å∑

ϕ,k

pϕk
∂

∂pϕk
− β̂g

∂

∂g
+
(
y− β̂y

) ∂
∂y

+
∑
ϕ

nϕ
(
cϕ− γ̂ϕ

)
−4
ã

G(nϕ) (pϕk
)
= 0, (28)

m
∂

∂m
y
∂

∂ywith the operator  being replaced by .
βg,βm

β̂g, β̂y

1/ϵ

O(ϵ)

1/ϵ
1/ fχ

y = m f / fχ

fχ

The  beta  functions  in  standard  QCD  and  their
counterparts  in  the  scale-invariant  theory  are  both
determined  by  the  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  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

 poles.  However,  this  difference  is  controlled  by
dilaton interactions  that  are  suppressed either  by  or
by  the  small  coupling .  Consequently,  such
higher-order  effects  on  the  dilaton  couplings  driven  by
the β-functions  are  suppressed  by  inverse  powers  of 
and thus negligible.

lnµ
ln(z fχ)

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  being re-
placed  by . 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

fχ

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 Λ, determined by the dilaton VEV . All
new degrees of freedom responsible for this breaking are
assumed  to  be  significantly  heavier  than  Λ  and  can  be
safely integrated out.

v ≃ 246

SU(3)c×SU(2)L×U(1)Y

Since  Λ  is  taken  to  lie  well  above  the  electroweak
scale  GeV, the theory just below Λ consists of the
SM fields plus the dilaton, described by an effective Lag-
rangian  that  respects  both  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.

SU(3)c×SU(2)L×

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 

Qing-Hong Cao, Jian-Nan Ding, Bing-Hui Ge et al. Chin. Phys. C 50, 073112 (2026)

073112-6



U(1)Y

SU(3)c×U(1)em

-invariant  Lagrangian (including the dilaton)  down
to the electroweak scale and subsequent matching onto an

-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 Φ is introduced: 

L(4)
inv = −

1
4g2

3
GA
µνG

Aµν− 1
4g2

2
W I

µνW
Iµν− 1

4g2
1

BµνBµν

+
∑

ψ=Q,u,d,L,e

ψ̄i/Dψ−Lyuk

+
(
DµH

)† (DµH)+
1
2
∂µΦ∂

µΦ−V0,

Lyuk =
(
Q̄HYdd+ Q̄H̃Yuu+ L̄HYee+h.c.

)
, (29)

where  the  most  general,  scale-invariant potential  in-
volving the Higgs doublet and the scalar field is given by
[56] 

V0 =
λϕ
3!

(H†H)2+
λm

2
(H†H)Φ2+

λχ
4!
Φ4,

H =

Ç
G+

1√
2

(ϕ+ iG0)

å
. (30)

λϕ λχ

λm

The terms proportional to  and  describe the self-in-
teractions of the Higgs and the dilaton respectively, while
the  term proportional  to  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 

V0(ϕ,Φ) =
λϕ
4!
ϕ4+

λm

4
ϕ2Φ2+

λχ
4!
Φ4. (31)

V0

v ≡ ⟨ϕ⟩ fχ ≡ ⟨Φ⟩ v ≃ 246

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

 and , where  GeV is fixed by elec-
troweak phenomenology. The minimization conditions 

∂ϕV0

∣∣
v, fχ
= 0, ∂ΦV0|v, fχ = 0, (32)

lead to the relations 

λχλϕ = 9λ2
m,

v2

f 2
χ

=
−3λm

λϕ
=

λχ
−3λm

. (33)

λϕ > 0 λχ > 0
v≪ fχ

λχ≪−3λm≪ λϕ

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  and ,
while the phenomenological hierarchy  implies the
coupling relation . 

B.    Dilaton couplings to the SM

d = 4−2ϵ

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

Leff =LSM+Lχ,SM,

LSM = −
1
4

GA
µνG

Aµν− 1
4

W I
µνW

Iµν− 1
4

BµνBµν

+
(
DµH

)† (DµH)−
Å
λϕ
4!
ϕ4+

λm

4
f 2
χϕ

2
ã

+
∑
ψ

ψ̄i/Dψ−
Å

d̄
ϕ√
2

ydd+ ū
ϕ√
2

yuu+ ē
ϕ√
2

yee+h.c.
ã
,

Lχ,SM = −
χ

fχ

ßÅ
β3

2g3
G2+

β2

2g2
W2+

β1

2g1
B2
ã

−
Ç
βϕ
4!
ϕ4+ (βm−2λm)

f 2
χ

4
ϕ2

å
−
Å

d̄
ϕ√
2
βdd+ ū

ϕ√
2
βuu+ ē

ϕ√
2
βee+h.c.

ã™
,

(34)

LSM

fχ Lχ,SM

where  corresponds to  the  full  SM Lagrangian,  with
the  Higgs  quadratic  term generated proportionally  to  the
VEV  and  describes  the  interaction  between the
dilaton χ 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.

µw

Using  the  known renormalization-group  evolution  of
the  couplings,  we  evolve  the  effective  Lagrangian  down
to  the  weak  scale ,  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.

W±,Z

U†uYuRu = Ydiag
u

h̃ χ̃

For  the  gauge  boson  sector,  this  requires  rotating  to
the physical  and photon fields F. For the fermions,
it  involves  unitary  transformations  that  diagonalize  the
Yukawa  matrices,  e.g., . In  the  scalar  sec-
tor, h and χ mix to form mass eigenstates  and , 

h̃ = cosαh+ sinαχ, χ̃ = −sinαh+ cosαχ, (35)

tan2α = v2/ f 2
χ

mh = 125

where  the  mixing  angle α diagonalizes  the  scalar  mass-
squared matrix and satisfies . For notational
convenience, we henceforth drop the tildes and redefine h
and χ to denote their respective physical mass eigenstates.
We  identify h as  the  SM  Higgs  boson  observed  at  the
LHC  with  a  mass  GeV,  and χ as  the  massless
pseudo-Goldstone  dilaton.  Therefore,  in  the  physical
mass-eigenstate  basis,  the  dilaton χ 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 

Lχ =Lχ,g+Lχ,ψ,

Lχ,g = −
β3

2g3

χ

fχ
GA
µνG

Aµν− βe

2e
χ

fχ
2cWWW+

µνW
−µν

+2
χ

fχ
m2

WW−
µ W+µ− βe

2e
χ

fχ
(cZZZµνZµν+2cγZ FµνZµν

+ cγγFµνFµν)+
χ

fχ
m2

ZZµZµ,

Lχ,ψ = −
∑
ψ=u,d,e

(
1+γmψ

)
mψ

χ

fχ
ψ̄ψ,

(36)

mW = g2v/2 mZ =
√

g2
2+g2

1v/2 mψ = Ydiag
ψ v/

√
2

m2
W m2

Z

1 ·mψ

γmψ

ci j

θw

where ,  and 
are  the  conventional  SM  masses.  Crucially,  the  dilaton-
Higgs mixing is  responsible for  the terms explicitly pro-
portional  to  the  standard  mass  scales:  the  and 
terms for the vector bosons, and the leading unit contribu-
tion  ( )  to  the  fermion  couplings.  The  remaining
terms,  specifically  the  fermion  contribution  proportional
to  the  anomalous  dimension  and  the  field  strength
tensor interactions, originate from the trace anomaly. The
coefficients  are  determined by the  beta  functions  and
the weak mixing angle , 

cWW =
β2

βe
sw, cZZ =

β2

βe
c2

wsw+
β1

βe
s2

wcw,

cγZ =
β2

βe
s2

wcw−
β1

βe
c2

wsw, cγγ =
β2

βe
s3

w+
β1

βe
c3

w, (37)

sw = sinθw cw = cosθw

Lχ

µ ≳ µw

with  and . The effective Lagrangian
 at  the  weak  scale,  with  all  parameters  defined  at

, provides  the  foundation  for  our  subsequent  phe-

nomenological analysis.

dO

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  to  the  initial
scale-invariant theory [36] 

L =LSI+λOO(x). (38)

λO

mχ ∝
√

4−dO fχ

O(m2
χ/ f 2

χ )

The  renormalization  group  evolution  of  the  coupling 
determines the  scaling  of  this  operator.  After  spontan-
eous scale  symmetry  breaking,  the  resulting  dilaton  po-
tential leads to a mass . Corrections to the
effective Lagrangian from a non-zero dilaton mass are of
order  and are neglected in the following analys-
is. 

C.    Higher-dimensional operators

5
c(5)

Λ
LT H̃∗C†H̃†L

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-  Weinberg oper-

ator  [61, 62],  which  generates  Majorana
neutrino masses.

d = 4−2ϵ

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

 dimensions,  the  relevant  scale-invariant  mass
terms are 

Lm = −µϵ(Φ)YαL̄αH̃N −µϵ(Φ)yΦNcN +h.c., (39)

Yα
Lα

⟨Φ⟩ = fχ
MN = y fχ ≪ MN

N ≈
−(Y/yΦ)C(L̄H̃)T

where  are the Dirac-neutrino Yukawa couplings of the
SM Higgs doublet H to the lepton doublet , and y is the
Majorana-neutrino  Yukawa  coupling  of  the  dilaton  field
Φ to the right-handed neutrino N. After spontaneous scale
symmetry  breaking, , generating a  heavy Major-
ana mass .  Integrating out N at  energies ,
substituting  the  classical  equation  of  motion 

 back into  the  Lagrangian  directly  pro-
duces 

L(5)
eff =

Y2

yΦ
(L̄H̃)C(L̄H̃)T +h.c.

=
Y2

y fχ
(L̄H̃)C(L̄H̃)T − Y2

y fχ

χ

fχ
(L̄H̃)C(L̄H̃)T +h.c., (40)
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Λ ∼ fχ
where the first term matches the standard Weinberg oper-
ator, identifying , and the second describes dilaton-
neutrino interactions.

O(d)/Λd−4

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 , acquires a scale-invariant form 

LSMEFT,SI =
∑

i

ci
Odi

i

Φdi−4
, (41)

ciwhere  are the respective coupling constants and every
power of the suppression scale Λ in the denominator has
been replaced by the same power of the dilaton field Φ. 

D.    Low-energy dilaton effective theory

E≪ 100

W±

For a dilaton significantly lighter than the weak scale,
it  can  mediate  novel  signatures  in  low-energy  processes
at  typical  energies GeV.  In  this  regime,  the
heavy degrees  of  freedom,  the  top  quark,  the  Higgs  bo-
son and the weak gauge bosons  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 

LQCD+QED,χ = −
χ

fχ

ï
β3

2g3
GA
µνG

A,µν+
βe

2e
cγγFµνFµν

+
∑
ψ=u,d,e

(
1+γmψ

)
mψψ̄ψ

ò
, (42)

β3 βe

γmψ

cγγ

where  and  are  the  one-loop  QCD  and  QED  beta
functions  and  are the  fermion  mass  anomalous  di-
mensions. All coefficients, including , 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, 

GLEFT = GQCD×GQED = SU(3)c×U(1)e , (43)

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

U(1)B

U(1)L

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

GA
µν = ∂µG

A
ν −∂νGA

µ + i f ABCGB
µGB

ν , (44)

 

Fµν = ∂µAν−∂νAµ . (45)

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

LLEFT =
∑
d=3

c(d)
a
O(d)

a

Φd−4
, (46)

c(d)
a

O(d)
a

where  are the dimensionless Wilson coefficients, and
 are the independent operators of d-dimension without

the  dilaton.  According  to  the  expansion  form  of  the
dilaton 

Φ = fχ+χ, (47)

the Lagrangian can be divided into two sectors 

LLEFT =LLEFT,0+LLEFT,χ , (48)

LLEFT,0where  is the LEFT Lagrangian without the dilaton 

 

U(1)B U(1)L

Table  1.    The building  blocks  of  the  LEFT with  the  exten-
sion of  the dilaton Φ.  The representations of  the fields  under
the gauge  symmetry  and  the  scale  symmetry  are  listed.  Be-
sides,  two  global  symmetries  and  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.

building block
gauge symmetry global symmetry scale

symmetrySU(3)c U(1)e U(1)B U(1)L

GA
µν 8 0 0 0 e2λ

Fµν 1 0 0 0 e2λ

e 1 −1 0 1 e
3
2 λ

ν 1 0 0 1 e
3
2 λ

u 3 2
3

1
3 0 e

3
2 λ

c 3 2
3

1
3 0 e

3
2 λ

d 3 − 1
3

1
3 0 e

3
2 λ

s 3 − 1
3

1
3 0 e

3
2 λ

b 3 − 1
3

1
3 0 e

3
2 λ

Φ 1 0 0 0 eλ
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LLEFT,0 =
∑
d=3

c(d)
a

f d−4
χ

O(d)
a , (49)

LLEFT,χ

LLEFT,χ

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

LLEFT,χ =
∑
d=3

(4−d)c(d)
a

f d−4
χ

χ

fχ
O(d)

a , (50)

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

LχAccordingly, we can list the effective operators in 
linear in χ. Next, we present these operators up to dimen-
sion 7.
 

Dimension-4, 5, 6
 
 

χ(νν)

Oχν χ(νT
LpCνLr)

χ(LR)

Oχe χēLpeRr

Oχu χūLpuRr

Oχd χd̄LpdRr

 
 
 

χ(νν)X+h.c.

Oχνγ χ(νT
LpCσµννLr)Fµν

χ(LR)X+h.c.

Oχeγ χēLpσ
µνeRr Fµν

Oχuγ χūLpσ
µνuRr Fµν

Oχdγ χd̄Lpσ
µνdRr Fµν

OχuG χūLpσ
µνT AuRr GA

µν

OχdG χd̄Lpσ
µνT AdRr GA

µν

 
 
 

χX2

OχG χGA
µνG

Aµν

 
Dimension-7

 

 

χ(LL)(LL)

OV,LL
χνν χ(ν̄Lpγ

µνLr)(ν̄LsγµνLt)

OV,LL
χee χ(ēLpγ

µeLr)(ēLsγµeLt)

OV,LL
χνe χ(ν̄Lpγ

µνLr)(ēLsγµeLt)

Continued on next column

Table -continued from previous column

χ(LL)(LL)

OV,LL
χνu χ(ν̄Lpγ

µνLr)(ūLsγµuLt)

OV,LL
χνd χ(ν̄Lpγ

µνLr)(d̄LsγµdLt)

OV,LL
χeu χ(ēLpγ

µeLr)(ūLsγµuLt)

OV,LL
χed χ(ēLpγ

µeLr)(d̄LsγµdLt)

OV,LL
χνedu χ(ν̄Lpγ

µeLr)(d̄LsγµuLt)+h.c.

OV,LL
χuu χ(ūLpγ

µuLr)(ūLsγµuLt)

OV,LL
χdd χ(d̄Lpγ

µdLr)(d̄LsγµdLt)

OV1,LL
χud χ(ūLpγ

µuLr)(d̄LsγµdLt)

OV8,LL
χud χ(ūLpγ

µT AuLr)(d̄LsγµT AdLt)

 

χ(RR)(RR)

OV,RR
χee χ(ēRpγ

µeRr)(ēRsγµeRt)

OV,RR
χeu χ(ēRpγ

µeRr)(ūRsγµuRt)

OV,RR
χed χ(ēRpγ

µeRr)(d̄RsγµdRt)

OV,RR
χuu χ(ūRpγ

µuRr)(ūRsγµuRt)

OV,RR
χdd χ(d̄Rpγ

µdRr)(d̄RsγµdRt)

OV1,RR
χud χ(ūRpγ

µuRr)(d̄RsγµdRt)

OV8,RR
χud χ(ūRpγ

µT AuRr)(d̄RsγµT AdRt)

χX3

OχG χ f ABCGAν
µ GBρ

ν GCµ
ρ

O
χG̃ χ f ABCG̃Aν

µ GBρ
ν GCµ

ρ

 

χ(LL)(RR)

OV,LR
χνe χ(ν̄Lpγ

µνLr)(ēRsγµeRt)

OV,LR
χee χ(ēLpγ

µeLr)(ēRsγµeRt)

OV,LR
χνu χ(ν̄Lpγ

µνLr)(ūRsγµuRt)

OV,LR
χνd χ(ν̄Lpγ

µνLr)(d̄RsγµdRt)

OV,LR
χeu χ(ēLpγ

µeLr)(ūRsγµuRt)

OV,LR
χed χ(ēLpγ

µeLr)(d̄RsγµdRt)

OV,LR
χue χ(ūLpγ

µuLr)(ēRsγµeRt)

OV,LR
χde χ(d̄Lpγ

µdLr)(ēRsγµeRt)

OV,LR
χνedu χ(ν̄Lpγ

µeLr)(d̄RsγµuRt)+h.c.

OV1,LR
χuu χ(ūLpγ

µuLr)(ūRsγµuRt)

OV8,LR
χuu χ(ūLpγ

µT AuLr)(ūRsγµT AuRt)

OV1,LR
χud χ(ūLpγ

µuLr)(d̄RsγµdRt)

OV8,LR
χud χ(ūLpγ

µT AuLr)(d̄RsγµT AdRt)

OV1,LR
χdu χ(d̄Lpγ

µdLr)(ūRsγµuRt)

OV8,LR
χdu χ(d̄Lpγ

µT AdLr)(ūRsγµT AuRt)

OV1,LR
χdd χ(d̄Lpγ

µdLr)(d̄RsγµdRt)

OV8,LR
χdd χ(d̄Lpγ

µT AdLr)(d̄RsγµT AdRt)

OV1,LR
χuddu χ(ūLpγ

µdLr)(d̄RsγµuRt)+h.c.

OV8,LR
χuddu χ(ūLpγ

µT AdLr)(d̄RsγµT AuRt)+h.c.
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IV.  THE CHIRAL DILATON LAGRANGIAN

ΛQCD ∼ 1

SU(3)L ×SU(3)R

SU(3)V

Under the chiral scale  GeV, the quarks and
gluons  are  confined  in  the  colorless  bound  states  called
hadrons,  due to  the quark condensate.  Consequently,  the
approximate chiral symmetry  is spontan-
eously broken to the subgroup .  According to the
Goldstone theorem [68, 69], the breaking degrees of free-
dom generate 8 Nambu-Goldstone bosons (NGBs), which
compose the light pseudoscalar meson octets. The dilaton
is not changed during the confinement of the quarks and
gluons since it is free of the strong interaction. Thus, we
expect  it  to  participate  in  the  interactions  of  hadrons  in
various low-energy processes, and we can obtain a chiral
theory with dilatons [28, 29].

Adopting  the  CCWZ  formalism  [70−72]  developed
by Callan,  Coleman,  Wess,  and  Zumino,  the  meson oct-
ets can be collected in a unitary matrix 

u(x) = exp
Å

i
πA(x)λA

2 fπ

ã
, (51)

with 

πA(x)λA =

â
π0+

1√
3
η

√
2π+

√
2K+

√
2π− −π0+

1√
3
η
√

2K0

√
2K−

√
2 K̄0 − 2√

3
η

ì
,

(52)

 

χ(LR)(LR)+h.c.

OS ,RR
χee χ(ēLpeRr)(ēLseRt)

OS ,RR
χeu χ(ēLpeRr)(ūLsuRt)

OT,RR
χeu χ(ēLpσ

µνeRr)(ūLsσµνuRt)

OS ,RR
χed χ(ēLpeRr)(d̄LsdRt)

OT,RR
χed χ(ēLpσ

µνeRr)(d̄LsσµνdRt)

OS ,RR
χνedu χ(ν̄LpeRr)(d̄LsuRt)

OT,RR
χνedu χ(ν̄Lpσ

µνeRr)(d̄LsσµνuRt)

OS 1,RR
χuu χ(ūLpuRr)(ūLsuRt)

OS 8,RR
χuu χ(ūLpT AuRr)(ūLsT AuRt)

OS 1,RR
χud χ(ūLpuRr)(d̄LsdRt)

OS 8,RR
χud χ(ūLpT AuRr)(d̄LsT AdRt)

OS 1,RR
χdd χ(d̄LpdRr)(d̄LsdRt)

OS 8,RR
χdd χ(d̄LpT AdRr)(d̄LsT AdRt)

OS 1,RR
χuddu χ(ūLpdRr)(d̄LsuRt)

OS 8,RR
χuddu χ(ūLpT AdRr)(d̄LsT AuRt)

 

χ(LR)(RL)+h.c.

OS ,RL
χeu χ(ēLpeRr)(ūRsuLt)

OS ,RL
χed χ(ēLpeRr)(d̄RsdLt)

OS ,RL
χνedu χ(ν̄LpeRr)(d̄RsuLt)

 

∆L = 4+h.c.

OS ,LL
χνν χ(νT

LpCνLr)(νT
LsCνLt)

 

∆L = 2+h.c.

OS ,LL
χνe χ(νT

LpCνLr)(ēRseLt)

OT,LL
χνe χ(νT

LpCσµννLr)(ēRsσµνeLt)

OS ,LR
χνe χ(νT

LpCνLr)(ēLseRt)

OS ,LL
χνu χ(νT

LpCνLr)(ūRsuLt)

OT,LL
χνu χ(νT

LpCσµννLr)(ūRsσµνuLt)

OS ,LR
χνu χ(νT

LpCνLr)(ūLsuRt)

OS ,LL
χνd χ(νT

LpCνLr)(d̄RsdLt)

OT,LL
χνd χ(νT

LpCσµννLr)(d̄RsσµνdLt)

OS ,LR
χνd χ(νT

LpCνLr)(d̄LsdRt)

OS ,LL
χνedu χ(νT

LpCeLr)(d̄RsuLt)

OT,LL
χνedu χ(νT

LpCσµνeLr)(d̄RsσµνuLt)

OS ,LR
χχνedu χ(νT

LpCeLr)(d̄LsuRt)

OV,RL
χνedu χ(νT

LpCγµeRr)(d̄LsγµuLt)

OV,RR
χνedu χ(νT

LpCγµeRr)(d̄RsγµuRt)

 

∆B = ∆L = 1+h.c.

OS ,LL
χudd χϵαβγ(uαT

Lp CdβLr)(dγT
Ls CνLt)

OS ,LL
χduu χϵαβγ(dαT

Lp CuβLr)(uγT
Ls CeLt)

OS ,LR
χuud χϵαβγ(uαT

Lp CuβLr)(dγT
Rs CeRt)

OS ,LR
χduu χϵαβγ(dαT

Lp CuβLr)(uγT
Rs CeRt)

OS ,RL
χuud χϵαβγ(uαT

RpCuβRr)(dγT
Ls CeLt)

OS ,RL
χduu χϵαβγ(dαT

Rp CuβRr)(uγT
Ls CeLt)

OS ,RL
χdud χϵαβγ(dαT

Rp CuβRr)(dγT
Ls CνLt)

OS ,RL
χddu χϵαβγ(dαT

Rp CdβRr)(uγT
Ls CνLt)

OS ,RR
χduu χϵαβγ(dαT

Rp CuβRr)(uγT
Rs CeRt)

 

∆B = −∆L = 1+h.c.

OS ,LL
χddd χϵαβγ(dαT

Lp CdβLr)(ēRsd
γ
Lt)

OS ,LR
χudd χϵαβγ(uαT

Lp CdβLr)(ν̄Lsd
γ
Rt)

OS ,LR
χddu χϵαβγ(dαT

Lp CdβLr)(ν̄Lsu
γ
Rt)

OS ,LR
χddd χϵαβγ(dαT

Lp CdβLr)(ēLsd
γ
Rt)

OS ,RL
χddd χϵαβγ(dαT

Rp CdβRr)(ēRsd
γ
Lt)

OS ,RR
χudd χϵαβγ(uαT

RpCdβRr)(ν̄Lsd
γ
Rt)

OS ,RR
χddd χϵαβγ(dαT

Rp CdβRr)(ēLsd
γ
Rt)

Effective field theory description of light dilaton Chin. Phys. C 50, 073112 (2026)

073112-11



λAwhere  are Gell-Mann matrices. This matrix is covari-
ant as 

u(x)→ VLu(x)V† = Vu(x)V†R , (53)

(VL ,VR) ∈ SU(3)L×SU(3)R V ∈ SU(3)V

SU(3)V

where ,  and .  To
construct  the  most  general  Lagrangian,  we  define  the
meson  building  blocks  to  be  covariant  under 
solely 

uµ = −i
(
u†∂µu−u∂µu†

)
, (54)

SU(3)Vwhich transforms under  as 

uµ→ VuµV† , V ∈ SU(3)V . (55)

DµThe covariant derivative  is defined as 

Dµuν = ∂µuν+ [Γµ,uν] , (56)

Γµwhere  is the chiral connection 

Γµ =
1
2

(u†∂µu+u∂µu†) . (57)

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

: 

L = f 2
π

4
tr(uµuµ) , (58)

uµ
p2

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  is of order p, and the
LO Lagrangian is of order .

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

Σ±→ VΣ±V† , V ∈ SU(3)V , (59)

where 

Σ± = u†Mu†±uM†u , (60)

±

p8

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

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

B =

â 1√
2
Σ0+

1√
6
Λ Σ+ p

Σ− − 1√
2
Σ0+

1√
6
Λ n

Ξ− Ξ0 − 2√
6
Λ

ì
,

(61)

SU(3)V B→ VBV†

mB

ΛQCD

which is covariant under , . It is crucial
that  the  baryon  masses  are  comparable  to  the  scale

,  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 

p2 = m2
B ∼ Λ2

QCD , (62)

vµ

(v · p)vµ

vµT = vµ− (v · p)vµ

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  to project out the
large  component  of  the  momenta  and  the  small
component . Consequently, the baryon B
can also be projected into different components 

B = B+H , (63)

B = P+v B H = P−v Bwhere , and , with the projectors 

P±v =
1± v ·γ

2
. (64)

B
H

1
v · p mB

v = (1,0,0,0)

ΛQCD mB

1/mB

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

,  which  is  just  the  baryon  mass  if  we  adopt  the
rest  frame  and  set . Consequently,  the  Lag-
rangian in the HBP formalism can be regarded as a simul-
taneous expansion by both  and . Thus, we define
the  power  of  an  operator  with  baryons  as  the  power  of
both the meson momenta p and the mass inverse  in
the HBP formalism. The LO meson-baryon Lagrangian is 

L(1)
πB = tr(BiγµDµB)− D

2
tr(Bγµγ5{uµ,B})

− F
2

tr(Bγµγ5[uµ,B])− tr(BmBB) , (65)

p5
where the subscript implies it is of power p. The meson-
baryon operators up to  have been constructed [84, 85,
87−93].

Φ(x)
SU(3)V

In  addition  to  the  building  blocks  above,  the  dilaton
 is  a  scalar  field  transforming  trivially  under  the

 symmetry. Since it is a Nambu-Goldstone boson,
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it can be expressed in the exponential form 

Φ = fχ exp(χ/ fχ) , (66)

O

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

 should be scaled as 

O(x)→ edOλO(eλx) . (67)

Because the dilaton transforms under the scale symmetry
as 

Φ→ eλΦ⇒ χ→ χ+ fχλ, (68)

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

L(2)
π,χ =

f 2
π

4
e2χ/ fχ tr(uµuµ)+

1
2

e2χ/ fχ

Å
∂µ
χ

fχ

ãÅ
∂µ
χ

fχ

ã
− f 2

π Bπ

2
eyχ/ fχ tr(Σ+),

(69)
 

L(1)
πB,χ = tr(BiγµDµB)− eχ/ fχ tr(BmBB) , (70)

γmwhere y is  related  to  the  mass  anomalous  dimension 
by 

y = 3−γm . (71)

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

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

L(2)
π,χ ⊃

χ

fχ
(∂µπA∂µπA)− mBπy

2
χ

fχ
πAπA

=
4χ
fχ

(∂µπ+∂µπ−+
1
2
∂µπ

0∂µπ0)

− 2mBπy
fχ

χ(π+π−+
1
2
π0π0) , (72)

 

L(1)
πB,χ ⊃ −mn

χ

fχ
nn−mp

χ

fχ
pp . (73)

 

A.    Pure-meson operators
In  this  subsection,  we  present  the  next-to-leading

(NLO)  pure-meson  operators,  including  the  dilatons,

p4 ⟨. . . ⟩
SU(3)V

which are of  order.  In particular,  we use  to rep-
resent the traces in the  space.
 
O(p4)

 
 

C+P+

fχ exp
Ä

(y−2) χfχ

ä⟨
uµuµ
⟩
⟨Σ+⟩

fχ exp
Ä

(y−2) χfχ

ä⟨
uµuµΣ+

⟩
fχ exp
Ä

(y−2) χfχ

ä
⟨Σ+Σ+⟩

fχ exp
Ä

(y−2) χfχ

ä
⟨Σ+⟩ ⟨Σ+⟩

fχ exp
Ä

(y−2) χfχ

ä
⟨Σ−Σ−⟩

fχ exp
Ä

(y−2) χfχ

ä
⟨Σ−⟩ ⟨Σ−⟩

 
 
 

C+P+

fχ exp
Ä

(y−2) χfχ

ä⟨
uµuµ
⟩
⟨Σ−⟩

fχ exp
Ä

(y−2) χfχ

ä⟨
uµuµΣ−

⟩
fχ exp
Ä

(y−2) χfχ

ä
⟨Σ+Σ−⟩

fχ exp
Ä

(y−2) χfχ

ä
⟨Σ+⟩ ⟨Σ−⟩

  

B.    Meson-baryon operators

p2

In  this  subsection,  we  present  the  next-to-leading
(NLO)  meson-baryon  operators  including  the  dilatons,
which are of  order.
 
O(p2)
B2 :

 

C+P+

fχ exp
Ä

(y−3) χfχ

ä⟨
B̄Σ+B

⟩
fχ exp
Ä

(y−3) χfχ

ä⟨
B̄BΣ+

⟩
fχ exp
Ä

(y−3) χfχ

ä
⟨B̄B⟩ ⟨Σ+⟩

fχ exp
Ä

(y−3) χfχ

ä⟨
B̄γ5Σ−B

⟩
fχ exp
Ä

(y−3) χfχ

ä⟨
B̄Bγ5Σ−

⟩
fχ exp
Ä

(y−3) χfχ

ä⟨
B̄γ5B

⟩
⟨Σ−⟩

 

C+P+

fχ exp
Ä

(y−3) χfχ

ä⟨
B̄Σ−B

⟩
fχ exp
Ä

(y−3) χfχ

ä⟨
B̄BΣ−

⟩
fχ exp
Ä

(y−3) χfχ

ä
⟨B̄B⟩ ⟨Σ−⟩

fχ exp
Ä

(y−3) χfχ

ä⟨
B̄γ5Σ+B

⟩
fχ exp
Ä

(y−3) χfχ

ä⟨
B̄Bγ5Σ+

⟩
fχ exp
Ä

(y−3) χfχ

ä⟨
B̄γ5B

⟩
⟨Σ+⟩
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B2u2 :
 
 

C+P+

fχ exp
Ä
− χ

fχ

ä
⟨B̄B⟩

⟨
uµuµ
⟩

fχ exp
Ä
− χ

fχ

ä⟨
B̄uµuµB

⟩
fχ exp
Ä
− χ

fχ

ä⟨
B̄Buµuµ

⟩
fχ exp
Ä
− χ

fχ

ä⟨
B̄uµ
⟩
⟨Buµ⟩

fχ exp
Ä
− χ

fχ

ä⟨
B̄σµνB

[
uµ,uν

]⟩
fχ exp
Ä
− χ

fχ

ä⟨
B̄σµν

[
uµ,uν

]
B
⟩

fχ exp
Ä
− χ

fχ

ä⟨
B̄σµνuµ

⟩
⟨Buν⟩

fχ exp
Ä
−2 χ

fχ

ä¨
B̄γµ
←→
D νB
∂⟨

uµuν
⟩

fχ exp
Ä
−2 χ

fχ

ä¨
B̄γµ
←→
D νB

{
uµuν
}∂

 
 
 

C+P−

fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5B

⟩⟨
uµuµ
⟩

fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5uµuµB

⟩
fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5Buµuµ

⟩
fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5uµ

⟩
⟨Buµ⟩

fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5σµνB

[
uµ,uν

]⟩
fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5σµν

[
uµ,uν

]
B
⟩

fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5σµνuµ

⟩
⟨Buν⟩

fχ exp
Ä
−2 χ

fχ

ä¨
B̄γ5γµ

←→
D νB

[
uµ,uν

]∂
fχ exp
Ä
−2 χ

fχ

ä¨
B̄γ5γµ

←→
D ν
[

uµ,uν
]

B
∂

 
 
 

C−P+

fχ exp
Ä
− χ

fχ

ä⟨
B̄σµνuµBuν

⟩
fχ exp
Ä
−2 χ

fχ

ä¨
B̄γµ
←→
D νB

[
uµ,uν

]∂
fχ exp
Ä
−2 χ

fχ

ä¨
B̄γµ
←→
D ν
[

uµ,uν
]

B
∂

 
 
 

C−P−

fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5σµνuµBuν

⟩
fχ exp
Ä
−2 χ

fχ

ä¨
B̄γ5γµ

←→
D νB
∂⟨

uµuν
⟩

fχ exp
Ä
−2 χ

fχ

ä¨
B̄γ5γµ

←→
D νB

{
uµuν
}∂

 
B2uχ:

B2χ2 :
 
 

C+P+

fχ exp
Ä
− χ

fχ

ä
⟨B̄B⟩DµχDµχ

fχ exp
Ä
−2 χ

fχ

ä¨
B̄γµ
←→
D B
∂

DµχDµχ

 
 
 

C−P−

fχ exp
Ä
−2 χ

fχ

ä¨
B̄γ5γµ

←→
D νB
∂

DµχDνχ

 
 
 

C+P−

fχ exp
Ä
−2 χ

fχ

ä¨
B̄γ5γµ

←→
D νB
∂

DµχDνχ

 
In  particular,  the χPT 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.
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
naive  dimension  analysis  and  can  be  extended  to  the
high-dimensional  matching  systematically  [96].  Besides,
the non-perturbative effect can be taken into account via
quantitative  methods  such  as  lattice  computation.  The

 

C+P+

fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5Buµ

⟩
Dµχ

fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5uµB

⟩
Dµχ

 

C+P−

fχ exp
Ä
− χ

fχ

ä⟨
B̄Buµ

⟩
Dµχ

fχ exp
Ä
− χ

fχ

ä⟨
B̄uµB

⟩
Dµχ

fχ exp
Ä
−2 χ

fχ

ä¨
B̄γµ
←→
D νBuµ

∂
Dνχ

fχ exp
Ä
−2 χ

fχ

ä¨
B̄γµ
←→
D νuµB

∂
Dνχ

 

C−P+

fχ exp
Ä
− χ

fχ

ä⟨
B̄σµνBuµ

⟩
Dνχ

fχ exp
Ä
− χ

fχ

ä⟨
B̄σµνuµB

⟩
Dνχ

fχ exp
Ä
−2 χ

fχ

ä¨
B̄γ5γµ

←→
D νBuµ

∂
Dνχ

fχ exp
Ä
−2 χ

fχ

ä¨
B̄γ5γµ

←→
D νuµB

∂
Dνχ

 

C−P−

fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5σµνBuµ

⟩
Dνχ

fχ exp
Ä
− χ

fχ

ä⟨
B̄γ5σµνuµB

⟩
Dνχ
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systematic  matching  deserves  more  investigation  in  the
future. 

V.  PHENOMENOLOGICAL ANALYSIS

mχ

m2
χ/ f 2

χ

O(m2
χ/ f 2

χ )

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 
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  remains sufficiently small, ensur-
ing  that  the  associated  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.

mχ ∈ [0.1,
200]

mχ > 2mµ ≃ 200

χ→ µ+µ−

mχ < 0.1

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 

MeV. We restrict  our analysis to this range for two
reasons: for MeV, the dilaton lifetime de-
creases  significantly  due  to  the  opening  of  the  decay
channel , and the signal would be reconstructed
from  visible  dimuon  final  states,  which  falls  outside  the
scope  of  this  study.  For 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 

Lχ
SM = −

β3

2g3

χ

fχ
GA
µνG

Aµν− βe

2e
χ

fχ
2cWWW+

µνW
−µν

+2
χ

fχ
m2

WW−
µ W+µ

− βe

2e
χ

fχ

(
cZZZµνZµν+2cγZ FµνZµν+ cγγFµνFµν

)
+
χ

fχ
m2

ZZµZµ−
∑
ψ=u,d,e

(
1+γmψ

)
mψ

χ

fχ
ψ̄ψ,

 

Lχ
LEFT ⊃ cpr

χd χd̄LpdRr,

Lχ
ChPT ⊃ −mn

χ

fχ
n̄n−mp

χ

fχ
p̄p, (74)

fχ > 1

ci j

pp→ jχ

B+→ K+χ K+→ π+χ

where  the  dilaton  VEV  satisfies 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 ,  which  has  the
largest  production  cross  section  (see Table  2).  For  rare
meson  decays,  we  study  and ,  and
derive constraints from Belle II 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.

mχ < 10−10
In contrast, for the wave-like ultralight regime, we fo-

cus  on  the  mass  range 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

χ→ γγ χ→ e+e−

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  and  are 

Γ(χ→ γγ) =
Å
βe

2e
cγγ

ã2 m3
χ

4π f 2
χ

,

Γ(χ→ e+e−) =
(γm+1)2m2

emχ

8π f 2
χ

Ç
1− 4m2

e

m2
χ

å 3
2

. (75)

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

d = γcτχ =
h̄

Γtot(χ)
Eχ

mχ

c, (76)

Γtot(χ) τχ
γ = Eχ/mχ

Eχ fχ
Eχ

e+e− γγ

where  and  are the total decay width and proper
lifetime  of  the  dilaton,  is  its  Lorentz  boost
factor,  and  denotes  its  energy.  If  the  dilaton VEV 
or its energy  is sufficiently small, the produced dilaton
may decay into visible  or  pairs inside the detect-
or. To incorporate this effect, we define a survival factor
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for each of the experiments, 

fsur,exp = e−Lexp/d, (77)

Lexpwhere  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.

fχ
e+e− γγ

Eχ,LHC = 120
LLHC = 10 B+→ K+χ

Eχ,Belle II = 3 LBelle II = 8
K+→ π+χ Eχ,NA62 = 30

LNA62 = 150

fχ

In the  subsequent  LHC  phenomenology,  the  pro-
duced dilatons are highly boosted. Nevertheless, for large
dilaton masses or small , there remains a small probab-
ility for decays into  and  inside the detector.  We
therefore include  the  survival  factor  in  our  analysis,  ad-
opting  a  typical  dilaton  energy GeV1) and  a
detector size m. For the search via  at
Belle II, we use a representative laboratory-frame energy

GeV and a detector size m. For the
channel  at  NA62,  we  take  GeV
and  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 . 

B.    Dilaton production at LHC
The  Lagrangian  in  Eq.  (74)  implies  direct  couplings

between the dilaton and SM elementary particles. Produc-

pp→ jχ

e+e− γγ

pp→ jχ

tion cross  sections  for  the  dilaton  through  various  chan-
nels  are  listed  in Table  2.  In  this  work  we  focus  on  the
channel ,  which  yields  the  largest  cross  section.
Representative Feynman diagrams for these processes are
shown  in Fig.  2.  Before  decaying  into  or ,  the
dilaton behaves as  an invisible  particle  at  a  high-energy.
Consequently, the  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→ 2 j,3 j,4 j, pp→ jW±(→ ℓ±ν), pp→ jZ(→ νν̄),

ℓ = e,µwhere . 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].

/ET

N j

PT
j > 20 |η j| < 5.0 PT

i ηi

∆ϕ( j1, j2) = |ϕ j1 −ϕ j2 |

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  is the num-
ber of jets with  GeV and .  and  de-
note  the  transverse  momentum  and  pseudo-rapidity  of
particle i, respectively. The azimuthal separation between
the  leading  and  subleading  jet  is ,

 

fχ = 10TeV mχ = 1MeV
1/ f 2

χ

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  and , respectively. The production cross sections for other values of the dilaton VEV can be obtained by
rescaling with a factor proportional to .

Process pp→ tt̄χ pp→ jχ pp→Wχ pp→ Zχ pp→ γχ

σ /pb 0.075 7.11 0.58 0.21 4.45×10−5

 

pp→ jχFig. 2.    Representative Feynman diagrams for the signal process .
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Nℓ PT
ℓ > 10

|ηℓ| < 2.5

PT
j1 > 60 |η j1 | < 2.5

∆ϕ( j1, j2) < 2.0

Nℓ = 0
jW±

and  counts charged lepton satisfying GeV and
.  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 (  GeV, ) and on
the  azimuthal  separation  between  the  two  jets
( ) significantly suppress the multi-jet QCD
background.  Finally,  events  containing  an  isolated
charged  lepton  are  vetoed  ( ) to  reduce  the  back-
ground from  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 

σexc =

 
−2 ln

Å
L(S +B|B)

L(B|B)

ã
≥ 1.65, (78)

L = 3 ab−1

1/ f 2
χ

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 ,  and S de-
notes the number of signal events,  which scales as .
The Poisson likelihood function is defined as 

L(X|Y) =
XY

Y!
e−X . (79)

fχ
mχ ∈ [0.1,

200] MeV

20 TeV

Within this framework, the resulting constraints on  as
a  function  of  the  dilaton  mass  in  the  range 

 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  over  the  considered  mass
range. 

C.    Semi-invisible decays of B and K meson

mχ < mB+ −mK+ mχ < mK+ −mπ+

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:  or .

b̄→ s̄χ
For  the B meson system,  the  flavor-changing neutral

current  transition  arises  at  the  one-loop  level.
Representative  Feynman  diagrams  are  shown  in Fig.  3.
These contributions are encapsulated in the effective Lag-
rangian 

Lχbs =
(γmb +1)mb

fχ

3
√

2GFm2
t V∗tsVtb

16π2
χb̄RsL +h.c., (80)

Vts,tb

χb̄LsR

ms/mb ∼ 0.02
B+→ K+χ

where  are  Cabibbo-Kobayashi-Maskawa  (CKM)
matrix  elements.  The  contribution  from  the  operators

 is  neglected,  as  it  is  suppressed  by  a  factor  of
 compared  to  Eq.  (80).  Under  the  effective

Lagrangian of  dilaton,  the  branching ratio  for 
is 

Br(B+→ K+χ)

=
1
ΓB+

ñ
(γmb +1)mb

fχ

3
√

2GFm2
t V∗tsVtb

16π2

ô2
λ1/2

B+→K+χ

16πm3
B+

×
∣∣⟨K+ |s̄LbR|B+

⟩∣∣2Θ(mB+ −mK+ −mχ

)
, (81)

λX→YZ =
[
m2

X − (mY +mZ)2
][

m2
X − (mY −mZ)2

]
ΓB+

B+
where ,  is
the total decay width of  meson, and the hadronic mat-
rix element is given by [110] 

⟨K+|s̄LbR|B+⟩ =
m2

B+ −m2
K+

2(mb−ms)
f BK
0

(
m2
χ

)
. (82)

 

pp→ jχTable 3.    Optimized selection cuts for dilaton production via  at LHC.

Cuts Description Values

1 Mono-jet signature /ET > 120 0 < N j ≤ 2 GeV, 

2 Leading jet kinematics PT
j1
> 60 |η j1 | < 2.5 GeV, ,

3 Sub-leading jet kinematics ∆ϕ( j1, j2) < 2.0,

4 Veto isolated lepton Nℓ = 0.

 

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

Cuts
Cross section for signal and background/pb

pp→ jχ pp→ 2 j pp→ 3 j pp→ 4 j pp→ jW±(→ ℓ±ν) pp→ jZ(→ νν̄)

1Cut 0.078 13308 988.85 108.18 54.99 52.43

2Cut 0.072 522 466.96 42.07 51.70 49.77

3Cut 0.059 102 47.70 15.14 40.96 41.13

4Cut 0.059 102 47.70 15.14 21.48 41.12
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f BK
0 B+→ K+Here  is  the  form  factor  for  the  transition.

We adopt the parameterization from Ref. [111] 

f BK
0

(
q2
)
=

1
1−q2/m2

R

∑
k=0,1,2

ak
[
z
(
q2
)
− z(0)

]k
, (83)

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

z(q2) =

√
t+−q2− √t+− t0√
t+−q2+

√
t+− t0

, (84)

t0 = t+
(
1−
√

1− t−/t+
)

t± = (mB+ ±mK+ )2

ak

a0 =

0.3233(67), a1 = 0.214(57), a2 = −0.12(13)

where  and .  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 

 [113].

B+→ K+χ
B+→ K+νν̄

Br(B+→ K+νν̄)exp = [2.3±0.5(stat)+0.5
−0.4(syst)]×10−5

Br(B+→ K+νν̄)SM =

[0.497±0.037]×10−5 2.7σ

Br(B+→ K++ inv)NP = (1.8+1.2
−1.1)×10−5

The  dominant  SM  background  for  the 
search is the decay . Recently, the Belle II col-
laboration  reported  a  branching  ratio  measurement  of

 [114],
which  exceeds  the  SM  prediction 

 [115] by approximately . Inter-
preting  this  excess  as  a  potential  contribution  from  new
physics,  the  90%  C.L.  allowed  range  for  the  non-SM
branching ratio is . If
this excess is attributed to the dilaton, the branching ratio
in Eq. (81) is required to satisfy 

0.7×10−5 < Br(B+→ K+χ) fsur,Belle II < 3.0×10−5. (85)

fχ
35 TeV 70 TeV

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

 and .
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+χ) fsur,Belle II < 1.2×10−5. (86)

(mχ, fχ)

fχ
55 TeV

mχ ∈ [0.1,200] MeV

The corresponding exclusion region in  the  plane
is shown as the blue shaded region in Fig. 4. We find that
the  resulting  constraint  on  can reach up to  approxim-
ately , which is stronger than that from direct col-
lider  searches  over  the  entire  considered  mass  range

.

K+→ π+χ

b̄→ s̄ s̄→ d̄

Analogously, constraints can be derived from the rare
decay . The relevant effective Lagrangian is ob-
tained from Eq. (80) by replacing  and final .
The branching ratio is 

Br(K+→ π+χ)

=
1
ΓK+

ñ
(γms +1)ms

fχ

3
√

2GFm2
t V∗tdVts

16π2

ô2
λ1/2

K+→π+χ

16πm3
K+

×
∣∣⟨π+ ∣∣d̄LsR

∣∣K+⟩∣∣2Θ(mK+ −mπ+ −mχ

)
, (87)

where the hadronic matrix element is [110, 116] 

 

B+→ K+χFig. 3.    Representative one-loop Feynman diagrams for  channel.

 

fχFig.  4.    (color online)  Constraints  on  the  dilaton  VEV .
The  purple  shaded  region  denotes  the  exclusion  from  HL-
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  NA62  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.
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⟨π+|d̄LsR|K+⟩ =
m2

K+ −m2
π+

2(ms−md)
f Kπ
0

(
m2
χ

)
. (88)

f Kπ
0 (q2)

0 < q2 ≲ (mK −mπ)2

K+→ π+νν̄

The  form  factor  is  very  close  to  unity  for
 [117, 118]. The  primary  SM  back-

ground in this channel is . 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+→ π+χ) fsur,NA62 < Br(K+→ π++ inv)NA62. (89)

fχ ∼ 2000

mχ ∈ [100,150]
K+→ π+π0

The  corresponding  excluded  region  is  also  presented  in
Fig. 4. The sensitivity from NA62 reaches 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 MeV  due  to
the  large  irreducible  background  from  decay
in that mass region. For this specific window, the Belle-II
and HL-LHC searches provide complementary probes of
the dilaton parameter space. 

D.    Dilaton production in SN1987A

LSN ∼ 1053

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 
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 

Qχ ≈
Å

mN

fχ

ã2 11
(15π)3

Å
TSN

mπ

ã4

p5
F Gχ

Å
mπ

pF

ã
ξ(TSN,mχ), (90)

mN/ fχ
TSN mπ

where  denotes the effective dilaton-nucleon coup-
ling,  is the core temperature,  is the pion mass, and

pF

Gχ

 is  the  nucleon  Fermi  momentum.  The  dimensionless
function  is given by 

Gχ(u) = 1− 5
2

u2− 35
32

u4+
5

64
(28u3+5u5)arctan

Å
2
u

ã
+

5
64

√
2u6

√
2+u2

arctan

Ç
2
√

2(u2+2)
u2

å
. (91)

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

ξ(T,mχ) ≡

∫ ∞

mχ

dx
x
»

x2−m2
χ

ex/T −1∫ ∞

0
dx

x2

ex/T −1

. (92)

E =
»

p2+m2
χ ∫ ∞

0 dx x2/

(ex/T −1)
∫ ∞

mχ
dx x
»

x2−m2
χ/

(ex/T −1) mχ ≲ O(few)×
TSN

ξ→ 1
mχ≪ TSN

mχ≫ TSN

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

 for  on-shell  dilaton  emission,  effectively
replacing  the  massless  Bose–Einstein  integral 

 with  its  massive  counterpart 
. The approximation is valid when 

 and the dilaton remains in the free-streaming regime
without  significant  trapping  effects.  In  this  regime, ξ in-
terpolates  between  the  relativistic  limit  (  for

)  and  the  Boltzmann-suppressed  regime
( ).  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/(γcτχ)e−RSNQχ/ρχ , (93)

RSN τχ

ρχ

TSN

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

 

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

Parameter pF TSN mπ mN RSN γ

Value 200 MeV 30MeV 140 MeV 940 MeV 10 km
3TSN/mχ mχ < 3TSN

1 mχ ≥ 3TSN

 (for )

 (for )
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Finally,  the constraint  from SN1987A is  obtained by
requiring the total energy-loss rate to satisfy 

Pesc. QχVSN ≲ LSN, (94)

VSN = (4π/3)R3
SN

mχ ∈ [0.1,200] MeV
fχ ∼ O(104−106) TeV

where  is the  core  volume.  The  corres-
ponding constraints on the dilaton VEV are shown as the
gray dashed region in Fig. 4. For , we
obtain  an  exclusion  of ,  consistent
with existing supernova bounds on dilaton [127]. 

E.    Atomic clocks and interferometers

mχ≪ 1

ρDM ≈ 0.3GeV/cm3

In this section, we derive constraints on the dilaton as
a  candidate  for  ultralight  dark  matter  (ULDM) [130].  In
the regime  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, , the field evolves as 

χ(x, t) =
√

2ρDM

mχ

cos[mχ(t−vχ ·x)+ · · · ], (95)

vχ
vvir ∼ 10−3c τcoh ≈ 2π/(mχv2

vir)
where  is the  local  DM  velocity.  The  velocity  disper-
sion  implies a coherent time ,
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 α, 

∆α(t)
α
≈ −2βe

e
cγγ

χ

fχ
. (96)

µ = mp/me

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

fA(t) ∝ αξA+2µζA . (97)

α2

R∞ ∝ α2 ξA

ζA

ζA ≃ 1
ζA ≃ 0

Here,  the  explicit  dependence arises  from  the  Ry-
dberg constant ( ), 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  for  hyperfine
transitions and  for optical transitions.

νA νB

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

∆(νA/νB)
νA/νB

= (ξA− ξB)
∆α

α
, (98)

fχ
1

171 27

τint = 104 τint = 108

β = (min{τint, τcoh}/∆τ)1/2 ∆τ

ωχ = mχ/2π
2π/mχ > τint

Figure  5 shows  the  projected  unit  signal-to-noise ra-
tio  (SNR  =  1)  sensitivity  to  the  VEV ,  assuming  a
sampling  rate  of  Hz.  We  consider  E3  transitions  in

Yb+ compared  to Al+,  for  integration  times  of
 s and  s. The sensitivity scales with the

number of coherent measurements, enhancing stability by
a  factor ,  where  is  the
sampling interval.  The detection strategy depends on the
DM mass relative to the integration time. We require the
dilaton frequency  below the sampling rate for
an  isolated  spectral  peak.  For ,  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.

∆ fA/ fA = ξA(∆α/α)

2T

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, ,  generates  a  differential
phase  shift.  For  an  interferometer  with  baseline L, inter-
rogation time  and n large momentum transfer pulses,
the signal phase amplitude is [45] 

Φ̄s = 8
∆ fA

mχ

∣∣∣∣sin
ï

mχnL
2

ò
sin
ï

mχ(T − (n−1)L)
2

ò
sin
ï

mχT
2

ò∣∣∣∣ ,
(99)

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

 

fχ mχ

τint = 104,108

Fig.  5.    (color online)  Sensitivity  projections  for  the  dilaton
VEV  as  a  function of  dilaton mass .  Red curves depict
the SNR = 1 sensitivity envelopes of the Yb+/Al+ clock com-
parison experiment, for  s (deep red, light coral).
Also depicted are sensitivities of different AION stages.
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fχ ∼ 1030

mχ ∼ 10−16

ωχ ≳ 0.1

10−4

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 
GeV for masses  eV. However,  terrestrial  per-
formance at low frequencies (  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  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
β-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

mW ∼ 100
mN ∼ 1

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  GeV,  and  finally  to
χPT below  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 χPT, which can be matched to each other by the chiral
symmetry.

pp→ jχ B+→ K+χ K+→ π+χ

fχ O(10) ∼ O(1000)
mχ ∈ [0.1,200]

O(104) ∼ O(106)
10−24 eV ≲ mχ ≲ 10−10 eV

fχ O(1027) O(1032)

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
( ),  Belle  II  ( )  and  NA62  ( ).
Additionally, we utilized the nucleon-dilaton coupling de-
rived  in χPT  to  evaluate  its  contribution  to  energy  loss
rate  in  the  core  of  SN1987A.  We  found  that  laboratory
experiments  probe  dilaton  VEV  of 
TeV  for MeV,  while  SN1987A  excludes
VEVs in the range TeV. In the ultralight
regime  ( ), 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

 up to  TeV with clocks and  TeV with
space-based interferometry.

By  systematically  connecting  high-energy  collider

 

Fig. 6.    (color online) Top panel: Hierarchy of energy scales for the dilaton EFTs constructed in this work. Bottom panel: Summary of
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:
 

● 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.
 

●  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.
 

B+→ K+µ+µ−

●  Visible  signatures:  Analysis  of  additional  rare
meson  decay  channels,  such  as  visible  resonances  in

 [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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