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Abstract

We propose a minimal, fully thermal mechanism that resolves the long-standing
tension between achieving the observed dark-matter relic abundance and
explaining the astrophysical signatures of self-interactions. The framework
introduces two mediators: a light scalar ¢ (MeV scale) that yields the required,
velocity-dependent self-interactions, and a heavy scalar resonance @, (TeV
scale) with mass mg, ~2m, that opens an s-channel resonant annihilation
during freeze-out. This clearly decouples early-Universe annihilation from
late-time halo dynamics. A detailed numerical analysis identified a narrow pre-
dictive island of viability. A representative benchmark with m, =600 GeV,
mgy=15MeV, and mg,~1.2TeV reproduces the relic density and yields
or/my ~0.1-1 cm?*g~! at dwarf-galaxy velocities while satisfying cluster
bounds. The model makes sharp, testable predictions: a narrow #f resonance
near 1.2 TeV within HL-LHC reach, and a spin-independent direct-detection
signal og;~7 x 10~*8cm? within next-generation sensitivity. As an optional
UV completion, we show that walking SU(3)y gauge theory with Ny= 10
naturally realizes the near-threshold relation mg, ~2m, and can furnish an
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effective anomalous dimension v~0.5 which underlies a density-responsive
dark-energy sector, suggesting a unified origin for the dark sector.

Keywords: self-interacting dark matter, resonant annihilation,
Sommerfeld enhancement, thermal freeze-out, halo dynamics,
two-mediator dark sector

1. Introduction

The standard cosmological model relies on two mysteries: dark energy (DE) and dark mat-
ter (DM), which together constitute approximately 95% of the cosmic energy budget [1].
While DM, essential for structure formation, faces persistent challenges on sub—galactic
scales, known as the ‘small-scale crisis’ [2, 3], self-interacting DM (SIDM) models are well-
motivated for their ability to address these issues [4, 5].

However, a fundamental tension arises in such minimal models: the parameter space
required to achieve the observed relic abundance (24> =0.12040.001 [1]) is generically
disjointed from the region providing sufficient self-interaction (o7/m ~ 1cm?g~! at dwarf
galaxy velocities) [6, 7]. We argue that this apparent tension indicates a richer dark sector
structure.

In this study, we demonstrate that this tension can be resolved using minimal, two-mediator
effective field theory (EFT). Alongside the light mediator ¢, which governs late-time self-
interactions, we introduce a heavy scalar resonance ®; with mass mg, ~ 2m,. This reson-
ance provides a crucial enhancement of the annihilation cross-section during thermal freeze-
out, cleanly decoupling the early-Universe annihilation rate from the late-time self-interaction
strength and allowing both constraints to be satisfied simultaneously. The theoretical valid-
ity of combining resonant annihilation with long-range Sommerfeld forces has recently been
established [8], providing a solid foundation for our approach.

Our study transformed this inconsistency into a highly predictive and testable framework.
Through detailed numerical scans, we identified a narrow, viable parameter space with a rep-
resentative benchmark featuring m, = 600 GeV, my = 15MeV, and mg, = 1201 GeV. This
leads to sharp experimental signatures, including a narrow resonance at 1.2 TeV accessible at
the LHC and a specific direct detection rate. Furthermore, we argue that the key features of
this EFT find a compelling microphysical origin in an underlying composite SU(3)y gauge
theory, as detailed in section 6. In this picture, the crucial resonance condition mg, ~ 2m,
emerges as a dynamical prediction. Remarkably, the same gauge theory can also generate the
anomalous dimension v = (0.5 required for the density-responsive DE model proposed in [9].
However, our main phenomenological results concerning the resolution of SIDM tension are
self-contained and do not depend on this optional unified picture.

The remainder of this study is organized as follows. Section 2 introduces the complete
Lagrangian EFT method. Section 3 quantitatively demonstrates the tension in one—mediator
models. Section 4 presents our solution and benchmark points. Section 5 details the model’s
testable signatures, including new analyses of the light mediator’s cosmology and direct detec-
tion rate. Finally, section 6 outlines the optional microphysical origin of the framework.

2. Effective Lagrangian for the two-mediator dark sector model

In this section, we derive the complete EFT Lagrangian that underpins our two-mediator DM
model. We begin by defining the full Lagrangian including the field content and symmet-
ries that govern the dark sector (section 2.1). We then demonstrate how the physical particle
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content, light mediator ¢, heavy resonance ®;, and DM fermion x, emerge from the spon-
taneous symmetry breaking (SSB) of a single complex scalar field (section 2.2). Finally, we
briefly outline the mechanism that generates the optional density—responsive DE component
(section 2.3). This section provides a rigorous and self-contained theoretical basis from which
all phenomenological results in this study are derived, following the standard EFT construction
principles [10, 11].

2.1 Complete EFT Lagrangian

Our framework is described by an EFT that is valid up to a cutoff scale A >> TeV. The theory
comprises the standard model (SM), general relativity (GR), and a dark sector containing a
Dirac fermion y and a complex scalar field Y. The total Lagrangian is

L= LSM + 'CGR + £DarkSector + EPorlala (])
with the Einstein—Hilbert term Lor = MT‘Z‘ R. The dark sector is governed by

»CDarkSeclor = Xlax - [nyXLXR + hC} + |8HE‘2 - V(E) - U(EvX)v (2)

where X denotes a Lorentz scalar constructed from the ambient matter stress tensor (we take
X= uauﬁfﬁ,ﬁm; see section 2.3 and appendix A for details).

Symmetry and stability. The stability of the DM candidate x is ensured by an exact global
U(1),, symmetry, under which y — ¢'®x. For simplicity, we set the bare Dirac mass to zero at
the cutoff (the physical mass is generated by (32)); allowing a small m?( would not change our
conclusions and can be absorbed into the Yukawa sector. The scalar potential is split into two
components: (i) a self-interaction potential V(X)) that dictates the particle physics of the dark
sector and triggers SSB, and (ii) a density—responsive functional U(X,X) that optionally gen-
erates a dark—energy—like component. The latter is conceptually analogous to the mechanisms
employed in chameleon or symmetron models [12, 13]. The portal Lagrangian parameterizes
the interactions between the dark and visible sectors; in our benchmark, it is dominated by a
Higgs—portal term [14, 15]

Lporal D —K |E\2 |H | (+ higher — dimensional terms suppressed by A). 3)

A fully explicit construction, including the minimal Mexican-hat form of V(X), definition
and variational origin of U(X, X), and normalization conventions, is provided in appendix A.
The physical couplings that enter our phenomenology (the DM couplings to the light and heavy
scalars, y, and g?lM, respectively) arise from the fundamental Yukawa coupling yy after SSB
and mixing, as detailed in sections 2.2 and A.3.

2.2. Particle content and couplings from SSB

The particle content of the dark sector is determined by the dynamics of the complex scalar
field X. The Mexican-hat potential V(X) (see appendix A.3, equation (A.26)) triggers the SSB
of a global U(1) symmetry at the scale vy, a mechanism first described by Goldstone [16, 17].
This gives rise to two physical scalar states: a heavy, CP—even radial mode and a light, CP—odd
pseudo Nambu—Goldstone boson (PNGB), in direct analogy to the linear o-model of hadron
physics [18].
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To describe these states, we parameterize the field 3 around its vacuum expectation value
(VEV) in terms of its radial and phase components, s(x) and a(x):

S (x) = % (v 45 (x)) €14/ @
At the tree level, the radial mode acquires a mass m? = 2)\v§, whereas the phase mode a(x)
is a massless Goldstone boson. A small, explicit breaking term Vgg in the potential gives the
PNGB a mass m, < vy, which is technically natural in the sense of 't Hooft, as its smallness is
protected by the approximate symmetry [19].
For the phenomenology of SIDM, an attractive potential is generated by the exchange of
a CP-even scalar. We achieve this through a small, CP—violating mixing between the funda-
mental s and a states, which is also induced by Vsg. The resulting mass eigenstates, identified
with the light mediator ¢ and heavy resonance ®;, are given by the rotation

¢ \ [ cosf  sinf a
( P, )( —sinf  cosf s ) ol <1, )

with the explicit expression for 6 given in appendix A.3. Thus, the light state ¢ inherits a
CP-even (scalar) admixture sufficient to mediate an attractive Yukawa force.

This structure fixes the interaction pattern of the DM fermion . The fundamental Yukawa
term

LD —yrXXrxr +h.c. (6)

generates the DM mass m,, = yv,/ V2 and its couplings to the mass eigenstates. Using
equation (4), the tree—level mass is

my = y&% (7)
and the scalar interactions in the physical basis read

Lin D =yxXx$ — 87" Xx P, ®)
with

Yy X % siné, g?lM o~ %cos&. C)]

This setup cleanly separates the roles of the two mediators:

e Light mediator ¢: has a small, technically natural mass and a suppressed coupling y,
sin @, making it ideal for generating long-range self-interactions in galactic halos.

e Heavy resonance ®;,: has a mass of order the VEV, mg, ~ m,, and an unsuppressed coup-
ling g‘?}M ~ yr/ /2, making it the dominant channel for thermal annihilation in the early
Universe.

Finally, the resonant annihilation condition mg, ~ 2m,, translates into a simple relation among
the fundamental couplings:

Vo, ~ 2. 08— N~y (10)
f NG Yr
up to small corrections from the explicit breaking and mixing appendix (A.3). Couplings to
the SM arise via the portal interactions introduced in section 2.1 are be specified where needed
(e.g. in sections 5 and appendix C).
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2.3. The density-responsive DE sector

We briefly summarize the mechanism that generates the density—responsive DE in our EFT and
refer to appendix A.2 for the full derivation. The key ingredient is the functional U(X, X), with
X = uub T the local rest-frame matter density (thus X = p,, in FRW). We model U by
integrating out a non-propagating auxiliary scalar ®, a technique used to generate environment-
dependent potentials in cosmology [13, 20]:

U(S,X) = min[Vaw () + C(Z) 2X],  C(]3]) ~ M, * = constant, 1)

so that the algebraic equation of motion is
OVaux X
0P lo=a.(x) - MY
fixes the local equilibrium value @, (X). Substituting back yields an effective vacuum energy

. (X) X (@)

Pd (X) = Vaux(q)* (X)) + T = ‘Ceff on shell’ (13)

which is formally a Legendre transform of V,,x [21]. For a broad class of convex choices of
Vaux, the low-density limit relevant to late-time cosmology is reduced to the simple closed
form used in phenomenology:

AMY,
1+X/M},°
with A = O(1). Two immediate properties follow: (i) pg is monotonic in X with 9pg /90X < 0

(screening at high X), and (ii) pe —AM{, as X— 0, acting as a cosmological constant in the
late Universe.

12)

pe (X) = (14)

Effective equation of state and limits. On an FRW background where X = p,,(a) x a3,

equation (14) implies pe(a) = AM{ |1 + pu(a) /My ~'. Hence the background equation of
state deviates from —1 only by we(a) +1 = O(pm/M‘b), s0 wg ~ —1 once X < M},!. The
construction is EFT—controlled provided X < AM{, and Vi, remains convex along the branch
selected by 12.

Running scale and link to microphysics. The characteristic scale M runs with the renor-
malization scale p with an anomalous dimension  set by the hidden SU(3)y dynamics
(section 6). An effective v ~ 0.5 naturally connects Mp, to the present dark—energy scale,
My(Hy) ~ Mp (Hy/Mp;)Y ~ meV, without fine—tuning, as detailed in [9]. Importantly, the DM
phenomenology discussed in sections 3 and 4 is self-contained and does not rely on this sector.

3. Phenomenological constraints and the tension in minimal models

Having established the complete effective Lagrangian in section 2, we now analyze the phe-
nomenological constraints on this model. We begin by quantitatively demonstrating why a

! The auxiliary field is non-dynamical in our EFT (no kinetic term at the scales of interest), so no light propagating
mode is introduced and no fifth-force constraints arise from ®. Stability follows from the convexity of Vi, i.e.
0 Vaux /OP? > 0.
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simplified version of our framework, containing only the light mediator ¢ (i.e. a minimal
SIDM model), cannot simultaneously satisfy the stringent requirements from the observed
relic abundance and galactic dynamics. This well-known tension is the primary motivation for
the two-mediator structure, particularly the resonant mechanism introduced in section 2.2.

3.1 Relic density requirement

The observed abundance of DM provides a precise target for any thermal production mechan-
ism. In the standard freeze-out scenario, the relic density today is given by [22]

2~ LT X 10°GeV™"  xp 1
X Mp g« (xF) (ov)F’

5

where Mp; = 1.22 x 10" GeV is the Planck mass, xr = m, /Tr ~ 20-25 is the freeze-out para-
meter, and g, (xr) ~ 100 counts the relativistic degrees of freedom.
The Planck satellite measured the DM relic abundance to percent-level precision [1]

Qpmh?* = 0.1200 £ 0.0012. (16)

This measurement implies a canonical value for the thermally averaged annihilation cross-
section

(ov)p=(2.240.1) x 107> cm’s ™. a7

In minimal SIDM models, DM is annihilated through xx — ¢¢, where ¢ is the same light
mediator responsible for self-interactions. For s-wave annihilation, the tree-level cross-section

is [23]
4 2 2\ 2
Yx g mg
= 1-—2(1--—2| . 18
av 327rm§< m? ( 2m?2 (18)

For light mediators (mg < m,), the cross-section can be enhanced by the Sommerfeld
effect to reach the canonical value. The enhancement factor S depends on the parameter
€, = a, /v, where a, =% /(4m) and v is the relative velocity [24]. For the attractive Yukawa
potential relevant here, the s-wave enhancement is approximately given by

2me,

S(e) = T 2ra’ 19)

At freeze-out, vp ~ 0.3c¢, yielding modest enhancement factors Sr ~ 1-10 for typical para-
meters. Thus, condition (17) requires

1/4
relic my ) 12 E
Y =03 ( 100 GeV Sr) (20)

This defines a one-dimensional constraint surface in the three-dimensional parameter space
{my,mg, vy}

3.2. Self-interaction requirement

Astrophysical observations of DM halos reveal systematic deviations from the predictions of
collisionless cold DM (CDM). Although CDM predicts universal density profiles p oc ¥~! in
halo centers [25], observations of dwarf spheroidal and low-surface-brightness galaxies con-
sistently show cored profiles with p ~ const [26, 27]. SIDM provides an elegant solution:
elastic scattering thermalizes the inner halo, creating an isothermal core [4].

6
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The self-interaction strength required to match the observations is empirically determined
to be on the order of [5]
o
L 1lem?g™! (21)
ey
at the characteristic velocities of dwarf galaxies, with a velocity dependence that suppresses
the cross-section at the cluster scales. Specifically, the observations require:

e Dwarf galaxies (v ~ 10-50kms~!): o7/m, ~0.1-10cm? g~! to create cores of size r. ~
0.3-1 kpc [28, 29].

e Galaxy clusters (v ~ 1000-1500kms~!): o7/m, <1cm?g~! (and often much tighter)
from observations of merging systems, such as the Bullet Cluster [30, 31].

In our framework, as defined in section 2, self-interactions arise from the t-channel
exchange of light mediator ¢. The momentum transfer cross-section must be computed non-
perturbatively by solving the Schrodinger equation for the generated Yukawa potential, as
detailed in appendix F. The scattering enters distinct regimes depending on the dimensionless
parameter [6]

20i, m
B =X 2¢ , (22)
My v
where o, = y3 /(4).
For § < 1 (Born regime), the cross-section scales as
81 m>v?
opo™ ~ ——1n <1 + 2. (23)
ms,v mg
For 3 >> 1 (classical regime), multiple partial waves contribute, yielding
, Zn(14p) forf <10
Uclassmal ~ @ (24)

52 (ng)*  forp > 10%
4

The transition between these regimes naturally provides the required velocity dependence.
For the parameter space of interest (im, ~ 100-1000 GeV, mg4 ~ 10-100 MeV), achieving
or/my ~ 1 cm? g~ ! at dwarf velocities constrains the Yukawa coupling Vy. This defines a
second constraint surface in the parameter space that is distinct from the relic density require-

ment discussed in the previous subsection.

3.3. Quantifying the tension in minimal models

We now quantitatively demonstrate that minimal SIDM models cannot simultaneously satisfy
relic density and self-interaction constraints. Both observables depend on the same Yukawa
coupling y,,, leading to an overconstrained system.

3.3.1. Systematic parameter space analysis. ~ For each point in the mass plane (m,,mg),
we determined two critical coupling values:

(i) y': the coupling required to achieve Q2A* = 0.120 via thermal freeze-out, computed using
micrOMEGAs [32] with full Sommerfeld enhancement.

7
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(i) y3™™M: the coupling needed for o7/m, =1cm?*g~" at v=30kms~', calculated using

micrOMEGAs’ integrated Yukawa scattering routines including non-perturbative effects.

Consistency requires ygflic f:inDM. However, our analysis revealed a fundamental
incompatibility.

3.3.2. Quantitative demonstration. ~ Considering a benchmark point inspired by [6]: m, =
100 GeV, mg =20 MeV. Our calculations yield:

e Self-interaction requirement: Achieving or/m, =1 em?g~! at v=30kms~! requires
inDM = 0.3510.05, placing the system in the classical scattering regime with 3 ~ 15.

e Resulting relic density: With y, =0.35, the annihilation cross-section including
Sommerfeld enhancement gives

(ov)r = 8.8 x 10727 cm’s ™!, (25)

yielding Q% = 0.30 (a factor of 2.5 overabundance).

e Required coupling for relic density: Achieving the correct relic density would require yi' >
0.55, which would in turn increase the self-interaction to or/m, 2 6 cm? g~!, violating
cluster constraints.

3.3.3. General scaling arguments.  The tension arises from incompatible parameter depend-
encies. In the regime of interest,

2
o QM
X 1.2 [ Xx My
oy~ 2ln< 2),
me v

(26)

a

<O'V>F ~ 7’2( X SF(O[X/VF)7

mX
where Sr ~ O(1-10) is the Sommerfeld enhancement factor at the freeze-out velocity. The
key insight is that o has a much stronger dependence on the mediator mass my than the
annihilation cross-section. This incompatibility is generic and holds across a wide range of
masses, as confirmed by the scans.

This robust failure of the minimal models provides the primary motivation for the two-
mediator framework defined in section 2. By introducing a heavy resonance ®; with mg, >~
2m,,, we can boost the annihilation rate by orders of magnitude via the Breit-Wigner mechan-
ism (see sections 4 and appendix E), thereby resolving the tension without affecting late-time
self-interactions mediated by ¢.

4. Results: a consistent solution via resonant freeze-out

The tension identified in the minimal model highlights the need for a mechanism that
can enhance the DM annihilation rate without significantly affecting the low-velocity self-
interaction cross-section. As defined in our EFT in section 2, extending the scalar sector to
include a heavy resonance ®; with a mass near the kinematic threshold, mg, ~ 2m,, provides
exactly such a solution. The key insight is that this resonance dramatically enhances the anni-
hilation cross-section during thermal freeze-out, while leaving the 7-channel mediated self-
interactions essentially unchanged.
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In this section, we demonstrate that this two-mediator framework leads to a fully consistent
solution. First, we outline our systematic numerical strategy (section 4.1). Then, we present
the viable parameter space where both relic density and self-interaction constraints are sim-
ultaneously satisfied (section 4.2), revealing a narrow but robust region of solutions. From
this analysis, we extracted a predictive benchmark point (section 4.3). Finally, we address the
apparent fine-tuning in the resonance condition and demonstrate that it represents a technically
natural and testable feature (section 4.4).

4.1. Numerical methodology

We implemented the extended SIDM model in micrOMEGAs 6.2.3 [32], by extending the
publicly available DMsimp_s_spinO_MO model from the DMsimp framework [33] to include
the heavy scalar resonance ®;,. This allows for consistent numerical treatment of both resonant
annihilation and non-perturbative self-scattering. Further details of model implementation are
provided in appendix D.

Our scan of the parameter space employs a two-stage approach for a fixed DM mass m,:

(i) Self-interaction constraint: we first identify the parameters (mg,y,) that yield a self-
interaction cross-section in the astrophysically favored range (or/m,, ~ 0.1-10 cm? g~ !at
dwarf velocities). The transfer cross-section was computed non-perturbatively, as detailed
in appendix F.

(i1) Resonance tuning: along this SIDM solution band, we then adjusted the heavy sector
parameters, primarily the detuning § = (mg, —2m,)/(2m,) and the coupling gP™, to
reproduce the observed relic abundance, 24> = 0.120 £ 0.001. This calculation includes
the full Breit-Wigner resonance and Sommerfeld effects, w ith the formalism outlined in
appendix E.

All calculations were performed with a relative accuracy of 107,

4.2. Viable parameter space

Following the scan strategy outlined in the previous section, we successfully identified a region
in the parameter space where all the constraints were simultaneously met. The results of the
comprehensive scan are shown in figure 1. This plot, presented in the (m,y, ) plane, shows
the two primary constraints for a fixed DM mass of m, = 600 GeV, after the heavy sector has
been tuned to yield the correct relic abundance.

The blue band represents the region consistent with the observed relic density, Qh* =
0.120 £0.001 [1]. Although this constraint is primarily sensitive to the resonance paramet-
ers, its precise location depends weakly on the light sector parameters shown, as detailed in
appendix E.

The red contours represent lines of constant self-interaction cross-section, o7/ m,, atavelo-
city of v=30kms~!, calculated using the non-perturbative methods described in appendix F.
The region between the contours for 0.1 and 10cm? g~! is the target’self-interaction band’
required to address small-scale structure problems while remaining consistent with cluster
constraints [31, 34].

The crucial result of our analysis is the existence of a non-empty intersection between these
two independent constraints. This viable parameter space is shown as the green shaded region
in figure 1. The existence of this’island of viability’ is a non-trivial outcome and serves as the

9
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Viable SIDM Parameter Space with Resonant Annihilation

[— On’=0.12
4x107H Viable region O T, % « P P S '
% Viable pu\nts/‘r/ //
> Y T« % % rll
:* Best point =
— _ — e
3% 10-! /;";— *—-r— £3 E3 3 %
. ~ - R . 0p . /
[\NY
* i3 " * *
2x 107t
5
>
=
107!
6x1072
6x10° 10! 2x10%
mg [MeV]

Figure 1. Viable parameter space for self-interacting dark matter with resonant annihila-
tion in the (mgy,yy ) plane for a fixed dark matter mass of m, = 600 GeV. The blue band
shows the region satisfying the relic density constraint. The red contours define the target
region for self-interactions (0.1 < or/m,, < 10 em? g~! at v=30kms™!). The green
shaded region marks the intersection where both constraints are simultaneously satis-
fied. Yellow stars indicate all viable points found, with the large green star marking our
final benchmark point. The heavy sector parameters (mg, = 1201 GeV, g?lM =0.190)
have been tuned to achieve the correct relic density.

central proof of concept for our resonant annihilation model. It demonstrates that the intro-
duction of the heavy resonance resolves the tension present in the minimal model. All the
parameter points within this region represent a fully consistent phenomenological solution to
the DM puzzle.

The viable region spans approximately my € [12,18] MeV and y, € [0.28,0.32]. The yel-
low stars indicate all parameter combinations that satisfy both constraints within our numerical
accuracy, whereas the large green star marks our chosen benchmark point, which provides
optimal agreement with astrophysical observations. Further details of the numerical imple-
mentation are provided in appendix D.

4.3. A predictive benchmark point

Although our scan revealed a narrow, continuous region of viable parameter space for DM
masses in the range m, € [200,1000] GeV, we selected a single representative benchmark
point for a detailed study. As shown in appendix I, the solutions exhibit strong correlations
between the parameters. We choose the point at m, = 600GeV as our primary benchmark
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Figure 2. Scaling relations in the viable parameter space. Left: Light mediator mass
versus dark matter mass. Right: Yukawa coupling versus dark matter mass. Green bands
show the full viable region satisfying all constraints, circles indicate central values at

discrete masses from our scan, and the red star marks our benchmark point. The dashed

lines show the best-fit power laws mg o< m?c'% and y, o m?C'SI.

because it provides an optimal fit to astrophysical constraints on self-interactions, and its asso-
ciated heavy resonance at ~ 1.2 TeV is within the discovery reach of the High-Luminosity
Large Hadron Collider (HL-LHC).

The viable solutions followed clear scaling relations across the allowed mass range, as
shown in figure 2. The left panel shows that the light mediator mass scales as mg o m(;<'83,
reflecting the requirement that the Yukawa potential range ~ 1/mg matches the relevant astro-
physical scales. The right panel shows the milder scaling y, o< mg)c's !, ensuring that the fine-
structure constant o, = yi /(47) provides the correct self-interaction strength across different
dark-matter masses. The narrow width of these bands, less than 20% variation in each para-
meter, demonstrates the high predictability of the model.

The choice of this benchmark point is motivated by its ability to align perfectly with astro-
physical requirements. A self-interaction cross-section of nearly 1 cm? g~! at the lowest dwarf
galaxy velocities (v ~ 10kms ™!, see section 5.2) is ideal for producing the observed cores.
Simultaneously, the strong velocity dependence ensures that the cross-section drops by more
than four orders of magnitude at cluster scales, safely evading the tight constraints from sys-
tems such as the Bullet Cluster.

This benchmark point represents a concrete and highly predictive realization of our
framework.

4.4. On the naturalness of the resonance condition

The viability of our benchmark point relies on the near-degeneracy condition mg, ~ 2m,,
which at first glance might appear to require fine-tuning. However, we argue that this mass
relation is not an arbitrary coincidence but a technically natural feature that can be motivated
by an underlying strongly-coupled gauge theory.

First, the required proximity to the resonance is physically constrained by the resonance
width. As discussed in section 5.1, the viable window for the detuning parameter ¢ is of the

1
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order § ~ I'g, /(2m, ) ~ 1073, This means that the required ‘tuning’ is set by the particle phys-
ics of the resonance itself. Furthermore, as demonstrated in appendix H this small value of §
is radiatively stable and thus technically natural.

Second, this mass relation can emerge dynamically. In composite theories, the mass ratios
between different hadron-like states are determined by the dynamics of confinement and are
typically O(1) numbers [10, 35]. As detailed in section 6, if our dark sector arises from a con-
fining SU(3)y gauge theory, the specific ratio mg, /m, ~ 2 can be naturally obtained. In this
picture, X is identified with the lightest dark baryon and ®; with the lightest scalar meson.
Standard scaling relations, supported by lattice studies, then predict this near-degeneracy
[36-38].

This transforms what can be perceived as a fine-tuning problem into one of the most com-
pelling features of this framework. The resonance condition is not imposed by hand, but can
emerge from the first principles, making it:

o theoretically motivated by quantum chromodynamics (QCD)-like dynamics,
e radiatively stable, as shown in appendix H, and
e experimentally testable via the search for a narrow scalar at mg, ~ 1.2 TeV.

Therefore, the moderate Barbieri-Giudice index, Ay, ~ 103, should not be interpreted as a
measure of fine-tuning but rather as a quantification of the sharpness of this theoretical pre-
diction. Just as the p meson mass is close to twice the pion mass in QCD which is a dynam-
ical outcome [39], our resonance condition represents a robust prediction of the underlying
strong dynamics. Full details of the microphysical motivation are presented in sections 6 and
appendix G.

5. Phenomenological implications and experimental verification

Having identified a fully consistent benchmark point, we now explore its phenomenolo-
gical consequences in detail. The viability of the model depends on two pillars: the resonant
enhancement of the annihilation rate, which ensures the correct relic density, and velocity-
dependent self-interaction, which addresses the small-scale structure crisis. In this section,
we analyze both phenomena and then discuss the model’s cosmological consistency and
its prospects for experimental verification at colliders and in direct and indirect detection
experiments.

5.1. Resonant annihilation mechanism in detail

The key to reconciling the relic density with the small Yukawa couplings required for the SIDM
is the s-channel resonance mediated by the heavy scalar ®;,. This effect is illustrated in figure 3.
The top panel shows the calculated relic density 24” as a function of resonance parameter
0 = (ma,/(2m,,) — 1), which measures the deviation from the exact on-shell condition.

The calculation, performed with micrOMEGAs [32], shows a sharp dip in the relic density
precisely at the resonance pole (6 — 0). Far from resonance (e.g. |6] > 5%), annihilation is
inefficient, leading to an overproduction of DM by several orders of magnitude. As the system
approaches resonance, the annihilation cross-section is dramatically enhanced, causing the
relic density to decrease. The observed value of Q4 = 0.12 is achieved in a narrow window
around the pole. Our benchmark point, marked by a red circle at § ~ 8.3 x 1074, lies exactly
in this region.
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Resonant Enhancement of Dark Matter Annihilation
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Figure 3. Resonant enhancement of dark matter annihilation. Top panel: Relic density
Qh? as a function of the resonance parameter § = (maq, /2m, — 1). The solid blue line
shows the full micrOMEGAs calculation including thermal and Sommerfeld effects. The
gray band indicates the observed Planck 2018 value [1]. The red circle marks our bench-
mark point at § ~ 8.3 x 1074, yielding the correct relic abundance. Bottom panel: The
corresponding total enhancement factor Sy, reaching a peak of over 500 near exact
resonance and providing a boost of 143 X at our benchmark point.

The resonant enhancement is governed by the Breit-Wigner formula (see appendix E for
details)

(2M)°T (@), — SM)

2 )
(s=m3,)" +m3, I,

(ov) x 27)

where s~ 4m’ (1 +v*/4) is the squared center-of-mass energy. Near the threshold dur-
ing freeze-out, the denominator becomes minimal when mg, ~ 2m,, providing the resonant
enhancement.

The bottom panel of figure 3 quantifies this effect, showing the total enhancement factor
Stotal s a function of §. This factor includes both the resonant contribution and additional
Sommerfeld enhancement from the light mediator exchange. At our benchmark point, the
total annihilation rate is boosted by a factor of Sy, /=~ 143. This powerful enhancement allows
a model with otherwise weak interactions to satisfy the stringent relic density constraints.
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Velocity-Dependent Self-Interaction Cross Section
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Figure 4. Velocity-dependent self-interaction cross-section for our benchmark SIDM
model. The solid green line shows or/m, for the best-fit parameters (my = 15MeV,
¥x = 0.30), calculated using micrOMEGAs. Dashed and dotted lines illustrate the effect
of varying my and y, . Colored circles mark the cross-sections at astrophysically relevant
velocities: dwarf galaxies (10 km s71), MW satellites (30kms™!), and galaxy clusters
(1000 kms™!). The gray shaded region indicates the target range for solving small-scale
structure problems. The gray dotted line shows the v™2 scaling expected in the classical
regime.

The characteristic scale for detuning is set by the larger of the intrinsic width and the thermal
during freeze-out. With our quark-only portal, I'g, ~ 0.17 GeV = I'g, /(2m, ) ~ 1.4 x 1074,
while thermal averaging typically allows a somewhat broader window. Our benchmark at
d ~ 8.3 x 10~* lies within the thermally effective region, as confirmed by the full micrOMEGAs
computation. This relationship demonstrates that the apparent fine-tuning is set by the particle
physics of the resonance, which is central to the discussion on technical naturalness in
section 4.4.

5.2. Velocity-dependent self-interactions

The second crucial pillar of our model is its ability to naturally explain the observed velocity-
dependent self-interaction of the DM. This is mediated by the 7-channel exchange of the
light scalar ¢. The resulting phenomenology is shown in figure 4, which plots the transfer
cross-section per unit mass, or/ m,., as a function of the relative velocity of the scattered DM
particles.

The solid green line represents the cross-section of our benchmark point parameters (m,, =
600GeV, myg = 15MeV, y,, = 0.30). The calculation, performed with micrOMEGAs’ non-
perturbative Yukawa scattering routines, shows that the cross-section has precisely the desired
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behavior. At the low velocities characteristic of dwarf spheroidal galaxies (v ~ 10-30 kms™!),
the cross-section is large, lying in the target range of 0.1-10cm? g~! (gray shaded region)
required to form DM cores [5, 28, 29]. Specifically, for our benchmark, we find the following

e atv=10kms™ ' or/ny =096cm?g~!,
e atv=30kms~!: o7/m, =0.11cm> g .

As the velocity increases, the cross-section is naturally suppressed. At the high velocities found
in galaxy clusters (v ~ 1000 kms~!), the cross-section decreases by more than four orders of
magnitude:

e aty=1000kms~': op/m, =9.5x 105 cm? g~ ".

This value lies far below the upper limit from the Bullet Cluster (< 1cm? g~1) [30, 31], ensur-
ing the model is consistent with all major astrophysical constraints. The dashed and dotted
lines in the figure illustrate the sensitivity of the cross-section to the light mediator mass m
and the Yukawa coupling y,, highlighting the parameter space probed by our scan.

The velocity dependence arises from the quantum mechanical nature of scattering in a long-
range Yukawa potential, which is solved via a partial wave analysis as detailed in appendix F.
The scaling transitions from an approximately classical regime with o7/m,, v=2 at dwarf
galaxy velocities (as indicated by the gray dotted line) to a steeper behavior at higher velocities,
demonstrating that the model naturally produces both the correct magnitude and the velocity
structure required by observations.

5.3. Cosmology of the light mediator ¢

A crucial consistency check for any model with a new light particle is its cosmological history.
The light mediator ¢ (with mg = 15MeV in our benchmark) must not upset the successful
predictions of Big Bang nucleosynthesis (BBN) or contribute excessively to the relativistic
energy density of the early Universe (ANeg).

In our framework, cosmological viability is ensured by a secluded setup in which ¢ has
no appreciable couplings to quarks and only a tiny leptophilic portal to the SM. This has two
consequences:

(1) Suppressed production: with no strong coupling to the thermal plasma, ¢ never thermalizes
with the SM bath. Its abundance is feebly produced via freeze-in (e.g. et e™ — ¢), yielding
an energy density that is a negligible fraction of radiation at BBN.

(ii) Prompt decay: a minute coupling to electrons suffices for ¢ to decay into e™e~ well before
the BBN. Using
ctmy 8w

F(gb —>e+e_) = , Ty =

8 (28)

Imy’
one finds that for my = 15MeV a coupling of order c, 2 few x 107! gives Ty <K 1s.For
instance ¢, = 5 x 10~ !! yields Ty ~0.44s.

A quantitative treatment of the freeze-in yield and the resulting bounds from BBN and
AN, is presented in appendix B. For the benchmarks used here we obtain |AN.g| < O(1072),
comfortably below current limits from Planck [1]. The same secluded nature that ensures cos-
mological safety also suppresses the contribution of ¢ to direct detection, as shown in the next
subsection and appendix C.
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Table 1. Optimized parameters and resulting observables for our benchmark point.
This single point simultaneously satisfies all major cosmological and astrophysical con-
straints on dark matter.

Parameter Symbol Value

Model input parameters

Dark matter mass My 600 GeV
Light mediator mass me 15MeV
Heavy resonance mass ma, 1201 GeV
DM-light mediator coupling Yx 0.30
DM-heavy resonance coupling gl,?lM 0.190
SM-heavy resonance coupling 8h,SM 0.052
Derived observables

Relic density Qn’ 0.120£0.001
Self-interaction (v=30kms™") or/my 0.11cm*g™!
Self-interaction (v =1000kms~") or/my 9.5x 102 em?g~!
Resonance parameter 6= ij)’(’ -1 83x 1074
Total enhancement factor (freeze-out) Stotal 143

5.4. Direct detection

A crucial test for our model comes from direct detection experiments, which search for DM
scattering off nuclei. In our two-mediator framework, spin-independent (SI) scattering is
primarily mediated by the exchange of the heavy resonance ®;, which couples to the SM via a
small portal interaction. As discussed in section 5.3, the light mediator ¢ is part of a secluded
sector with suppressed couplings to quarks, and its contribution to the SI cross-section is there-
fore negligible.

The dominant scattering process proceeds via the exchange of ®;. For a heavy mediator,
this can be described by an effective contact interaction. The resulting SI cross-section per
nucleon is given by (see appendix C for a full derivation)

o™ ~ #iN [8]31M8h,SM my
™

2
SI — 2 fN] ’ (29)

mq)h 1%

where /1, y is the reduced DM-nucleon mass, v = 246 GeV, and fy ~ 0.30 is the effective nuc-
leon scalar form factor [40, 41].

Using the parameters from our benchmark point in table 1, we obtain the concrete predic-
tion

ol 2 6.7 x 107 cm?. (30)

This target lies just below the current experimental bounds from the LZ experiment for a
600 GeV DM particle [42] but is squarely within the discovery reach of next-generation G3
experiments such as DARWIN [43]. The suppression of the signal to this level is a natural
consequence of the model’s structure, where the portal coupling g, sm is necessarily small to
be consistent with other constraints, rather than requiring additional fine-tuning.
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5.5. Collider searches for the resonance

The most direct and unique signature of our framework is the heavy scalar resonance ®,. For
the benchmark discussed in this work, mg, ~ 1.20 TeV, which makes it an excellent target for
the HL-LHC.

Production and decay pattern. In the quark-only portal benchmark (cf. appendix E.3), ®, is
produced dominantly via gluon—gluon fusion through the top-quark loop, and decays almost
entirely to top pairs. Close to the xx threshold, the invisible mode is strongly phase-space
suppressed. Numerically we find a very narrow total width,

F':I)h

I's, ~0.17 GeV,
me,

~14x107%, (31
and branching ratios
BR (®), — i) ~99.85%, BR(®, — bb) ~0.08%, BR(®, — x¥)=~0.07%. (32)

(Opening Higgs-like mixings to W W~ /ZZ would broaden the resonance and reduce BR(7),
but this is not part of our benchmark.)

Search strategy. The most promising search is a narrow resonance in the #f invariant mass
spectrum near m;z =~ 1.2 TeV. Formally,

o(pp — By — i) = o (gg — ®3) x BR(D — 1) . 33)

Given the tiny intrinsic width, the experimental lineshape is dominated by detector resolu-
tion (fewx 10 GeV), so the signal behaves as a very narrow peak. A dedicated analysis in the
boosted-top regime (1 large-R top tag per hemisphere, or lepton+jets with one top tag) and
modern 7z background modeling are appropriate. Interference with the QCD #f continuum can
induce a mild peak—dip structure, but the narrow width and sizeable BR(#7) keep the sensitivity
close to the narrow-resonance expectation.

Expected sensitivity. For the benchmark couplings (quark-only portal with gP™ = 0.190 and
gn.sm = 0.052), a production rate o (pp — ®j, — ) at the O(1——10) b level at /s = 14 TeV
is a realistic target, within the projected reach of the HL-LHC dataset of 3000 fb~' [44]. A null
result would constrain the quark-portal mixing that controls both direct detection (section 5.4)
and collider production, while a discovery would provide a confirmation of the resonant freeze-
out mechanism.

5.6. Indirect detection

Because the annihilation cross-section in our model is strongly velocity-dependent, the rate
that operates in halos today is far smaller than one that sets the relic abundance. Expressed in
terms of the total enhancement factor at freeze-out (Siora; = 143) and in the Milky Way halo
today (where the enhancement is Sy ~ O(1)), we obtain

(Vg (22 %10 e s 1) L w15 % 10 e s, (34)

total total
Therefore, the corresponding gamma-ray flux is suppressed by more than two orders of
magnitude compared to the canonical thermal WIMP expectation, placing our model safely
below current constraints [45]. Nevertheless, annihilation into heavy quarks (¢, bb) yields a dis-
tinctive broad-spectrum signal from hadronization. In dense targets such as dwarf spheroidal

(ov)o ~
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galaxies, the ensuing high-energy photons could be a target for the next-generation Cherenkov
telescope array (CTA) [46], particularly in the multi-TeV range where astrophysical back-
grounds are lower.

6. A microphysical origin from a composite SU(3)y theory

The aforementioned EFT is self-contained and predictive. We now argue that its structure is
not ad hoc, but can be naturally motivated by a confining SU(3)y gauge theory with Ny = 10
fermion flavors in the fundamental representation. While none of the phenomenological results
rely on this specific UV completion, the composite scenario offers a unified rationale for two
key features: (i) the anomalous dimension that underpins the density-responsive DE sector and
(i1) the near-threshold relation mg, ~2m,, required by resonant freeze-out.

6.1. Anomalous dimension for DE

The dark-energy mechanism (section 2.3) involves a running scale My(u) governed by an
anomalous dimension y~0.5. An SU(3)y theory with Ny = 10 lies near the opening of the
conformal window and exhibits walking dynamics near a Banks—Zaks IR fixed point [47]. In
this regime, the composite operators acquire large anomalous dimensions.

As detailed in appendix G, the fermion bilinear WW that couples to the DE sector attains
an effective, RG-averaged anomalous dimension

“Yeosmo = <’Y ('u)>ﬂow ~ 0.50+0.05, (35)

where the central value is informed by all-orders estimates [48] and is consistent with the
trends observed in recent lattice studies of near-conformal SU(3) theories [49]. This range
matches the phenomenologically required value to connect the Planck scale to the observed
meV DE scale without fine-tuning (section 2.3). Recent lattice work for SU(3) with Ny = 10
found an IR-stable fixed point at strong coupling and a large mass anomalous dimension ,, >~
0.6 [49], consistent with the walking-enhanced anomalous dimension assumed here. In our
setup, a small relevant deformation (e.g. tiny fermion masses/portal couplings) turns the near-
conformal flow into confinement below Ay, while preserving the large v along the walking
regime that feeds into My(p).

Identification of fields in the composite picture. In the composite SU(3)y framework, the
fundamental scalar field ® that appears in the density-responsive mechanism (section 2.3)
should be understood as an effective description of the chiral condensate dynamics.
Specifically, we identify

(I0)y

P ,
A

(36)

where the normalization ensures ® is dimensionless. The density-responsive functional
U(®,X) then encodes how the chiral condensate responds to the ambient matter density. This
is analogous to how the QCD condensate responds to nuclear density in dense matter. The aux-
iliary field construction in appendix A.2 provides the EFT description of this response, while
the microscopic dynamics is governed by the strongly-coupled SU(3)y gauge theory. Thus,
the same hidden sector that generates the composite DM spectrum also provides, through its
chiral condensate, the field that drives the DE mechanism.
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Table 2. Comparison of phenomenologically required parameters vs. natural expecta-
tions from a composite SU(3)y theory with Ay ~ 2.5 TeV. NDA/lattice inputs imply
O(1) uncertainties on absolute masses and ~10%-20% on ratios.

Required by
Parameter phenomenology Composite SU(3)y expectation
Anomalous dimension y ~0.5 Yeosmo = 0.50 £ 0.05
Dark-matter mass 7 ~ 600 GeV ~ % Ay ~ 600 GeV
Resonance ratio ma, /ny, ~2.0 ~ 2.0 (from ks range)

6.2. Composite spectrum and the resonance condition

At confinement scale Ay, the hidden theory forms a spectrum of dark hadrons set by this single
dynamical scale. In our mapping to the EFT:

e the DM Yy is the lightest dark baryon, -
e the heavy mediator ¢, is the lightest scalar meson (UW),
o the light mediator ¢ is a pseudo Nambu—Goldstone boson of broken chiral symmetry.

Lattice studies in near-conformal SU(3) with Ny= 8 indeed observe a comparatively light
flavor-singlet scalar 07+ state [50], supporting our use of a relatively light composite scalar
@), and the expectation that mg, /m, = O(1). Using naive dimensional analysis (NDA) and
lattice-informed scaling (appendix G), we find that

N,
My ~ EAHa ma, ~ ko Ap, 37

with an O(1) coefficient kg in the range suggested by near-conformal SU(3) lattice stud-
ies [38]. For Ay ~2.5TeV (benchmark) this yields m, ~ 600 GeV and mq, ~ 1.2 TeV, i.e.
me, ko cpe ..
—* ~ ———— =~ 2 (withinO (1) uncertainties). (38)
py e ( (1) )
Thus, the resonance condition mg, ~2m, emerges as a natural outcome of QCD-like scaling,
rather than a tuned input. A side-by-side comparison is presented in table 2.

6.3. Further predictions of the composite scenario

Beyond motivating the EFT parameters, the SU(3)y picture implies a richer spectrum of
excited dark hadrons (additional scalar/pseudoscalar mesons and baryons) and a possible first-
order confinement transition generating a stochastic gravitational-wave background poten-
tially accessible to LISA [51]. Most decisively, dedicated lattice simulations of SU(3)y with
N;=10 can test the predicted mass hierarchy and estimate kg, providing a first-principles
check of the resonance relation. We leave a systematic exploration of these signatures for
future work and appendix G provides technical details. We also note recent lattice indications
of a strong-coupling symmetric mass generation phase and a possible merged fixed point in
SU(3) with Ny= 8 [52], underscoring the rich dynamics near the opening of the conformal
window.

Chiral perturbation theory and the PNGB mass. The light mediator ¢ emerges as a pseudo
Nambu-Goldstone boson from the spontaneous breaking of the approximate chiral symmetry
SU(Nyf)r x SU(Ny)g — SU(Ny)y in the hidden sector. In direct analogy with QCD, where the
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pion mass arises from explicit chiral symmetry breaking by quark masses, the mass of ¢ is
generated by small fermion masses in the hidden sector. Following the Gell-Mann-Oakes-
Renner relation [53], we expect

2
my ~ —————,
¢ A12f1
where my is the small explicit fermion mass and (UW)y ~ A3, is the chiral condensate. For
mg ~ 15MeV and Ay ~ 2.5 TeV, this implies myg ~ O(1) MeV, representing a natural hier-
archy mg /Ay ~ 1079 that is radiatively stable due to the protective chiral symmetry. This

is precisely the PNGB mechanism that keeps my < mg, without fine-tuning, as the limit
my — 0 would restore the chiral symmetry and make ¢ exactly massless.

(39)

7. Discussion and conclusion

In this study, we present a comprehensive framework that resolves the long-standing ten-
sion between the requirements of thermal relic abundance and self-interactions for DM. We
demonstrated that a minimal, two-mediator EFT, featuring a resonantly-enhanced dark sector,
provides a consistent and predictive solution. Our analysis, based on a rigorous EFT definition
and detailed numerical calculations, shows that this picture is not only internally consistent but
also experimentally falsifiable. Furthermore, we have argued that this successful phenomeno-
logical model can be viewed as a low-energy manifestation of a unified dark sector, potentially
emerging from a single underlying SU(3)y gauge theory.

71. Summary of key results

Our study yielded several key findings that transform the abstract concept of a unified dark
sector into a concrete, testable theory:

e Solution to SIDM-relic-density tension: we have shown that minimal SIDM models cannot
to simultaneously satisfy the constraints of cosmology and galactic dynamics. This tension
is completely resolved in our two-mediator framework, where a heavy scalar resonance, ®,
enhances the annihilation rate in the early Universe, cleanly decoupling it from late-time
self-interactions mediated by a separate light scalar, ¢.

e Predictive benchmark scenario: our numerical scans identified a narrow, viable para-
meter space. A representative benchmark with m, = 600GeV, mg = 15MeV, and mg, =
1201 GeV simultaneously satisfies all known constraints and served as a concrete target for
future experiments.

o A suite of falsifiable predictions: the model creates a range of sharp, observable signatures.
The most prominent is a narrow scalar resonance at mg, ~ 1.2 TeV, decaying predominantly
to 77 and invisible particles, which is a key target for the HL-LHC. The model also predicts
a SI direct-detection cross section og; ~ 7 x 10~ cm? within next-generation sensitivity.

e Natural and consistent framework: we established a complete EFT from first principles
(section 2) and demonstrated its cosmological viability (section 5.3). The crucial resonance
condition, mg, ~ 2m,, is technically natural (appendix G) and can be dynamically generated
in a composite SU(3)y theory (section 6). The same theory can also provide the anomalous
dimension v ~ 0.5 required for a linked DE model.

For a consolidated overview of the viable domain across m, and the origin of the scaling
relations, see appendix L.
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72. The bigger picture: from phenomenology to fundamental theory

The central goal of this study is to demonstrate that both conditions can emerge naturally from
a single SU(3)y gauge theory with Ny = 10 flavors. This transforms our framework from a
phenomenological model into a potential consequence of fundamental dynamics:

e The anomalous dimension emerges from the ‘walking’ dynamics near a Banks—Zaks fixed
point, yielding a cosmologically-averaged value of ycosmo ~= 0.50 &= 0.05.

e The mass spectrum of the composite states, including the crucial ratio mg, /m,, =~ 2, follows
from the standard scaling relations in the confined phase, analogous to the hadron masses in
the QCD.

e The confinement scale Ay ~ 2.5 TeV is dynamically generated through dimensional trans-
mutation, fixing the entire dark sector mass spectrum from first principles.

The full details of this microphysical motivation are provided in sections 6 and appendix G.

This unified origin reframes what looked like ‘tuning’ in the EFT as a structural prediction
of the same strong dynamics that can also underwrite the dark—energy mechanism. Thus, a
single calculable gauge theory can plausibly account for the meV scale of DE (via anomalous—
dimension—controlled running) and the TeV scale of DM (via confinement), bridging many
orders of magnitude without fine—tuning. We emphasize that our phenomenological results do
not rely on this UV completion and the EFT remains self-contained. Conversely, the composite
SU(3)y scenario provides a concrete realization, but not necessarily the unique one, of the
required EFT features. Future work, especially dedicated lattice studies of SU(3)y with Ny =
10 and improved cosmological simulations including SIDM dynamics, can further sharpen
these connections.

Large-scale structure and the Sg tension. In our baseline benchmark, the SIDM phenomen-
ology affects halo interiors on sub-Mpc scales and leaves the linear matter power spectrum
on k ~ 0.1h/Mpc scales essentially unchanged; standard SIDM therefore does not directly
resolve the Sg tension (lower weak-lensing—inferred fluctuation amplitudes compared to CMB
extrapolations within ACDM) [54]. However, the density-responsive dark-energy sector sum-
marized in section 2.3 (and derived in appendix A.2) naturally admits mild departures from
w = —1 with time variation w(a). Such evolutions can reduce the late-time growth and poten-
tially lower the predicted Sg [55]. A quantitative assessment in our specific pg(X) model
requires a dedicated Boltzmann analysis (e.g. with CAMB/CLASS) including background and
perturbations, which we leave for future work. Targeted N-body simulations with our bench-
mark parameters would also be needed to quantify any subdominant non-linear effects (e.g.
halo concentrations and splashback) on weak-lensing observables.

73. Final outlook

We demonstrated that a minimal, two-mediator dark sector can resolve the long-standing ten-
sion between the requirements of thermal relic abundance and self-interaction constraints for
DM. Our framework transforms what appears as inconsistency into a set of interconnected
predictions of a single underlying theory. The resonant annihilation mechanism, rather than
an ad hoc solution, emerges as a necessary consequence of the particle spectrum. What might
have been interpreted as fine-tuning was revealed to be a sharp, testable prediction.

The predictive power of this framework manifests in concrete experimental signatures
across multiple frontiers:
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e Collider physics: anarrow scalar resonance at mg, ~ 1.2 TeV with arelative width of ' /m ~
1073, decaying predominantly to # and invisible states, provides a smoking-gun signature
at the HL-LHC.

e Direct detection: although naturally suppressed, the predicted signal of og; ~ 7 x 10™* cm
remains within the reach of next-generation experiments.

e Astrophysical probes: the predicted velocity-dependent self-interaction cross-section can be
precisely tested through improved measurements of DM halo profiles and cluster mergers.

e Gravitational waves: in the composite picture, the confinement phase transition at 7, ~
Ay predicts a stochastic background that is potentially accessible to future space-based
detectors.

2

Beyond phenomenology, we argued that the key EFT features find a natural origin in a single,
confining SU(3)y gauge theory. In this picture, the resonant mass relation mg, ~ 2m,, arises
dynamically from the composite spectrum, while the same dynamics can generate the anom-
alous dimension needed for the density—responsive dark—energy sector (sections 6, appendix
G). Thus, the dominant components of the cosmic energy budget could plausibly stem from
one calculable, strongly—coupled framework, bridging the meV and TeV scales without fine—
tuning. Finally, first-principles lattice results in glueball DM [56, 57] highlight the potential
of nonperturbative control in composite dark sectors. A dedicated lattice program for near-
conformal SU(3) with Ny=10 would directly test the spectrum and couplings underlying our
resonant scenario (e.g. mg,/m, and the size of scalar matrix elements), providing a first-
principles cross-check of the EFT assumptions used here.

In conclusion, we have elevated the resonant SIDM from a phenomenological possibility
to a well-defined EFT with a compelling microphysical motivation. Because the framework
resolves the core SIDM tension while making sharp, multi-pronged predictions, it provides a
clear roadmap for the coming decade: either forthcoming collider, direct—detection, and astro-
physical data will reveal the telltale pattern predicted here, or they will decisively falsify this
mechanism for the dark sector.

Data availability statement

All data that support the findings of this study are included within the article (and any supple-
mentary files).

Appendix A. The full effective Lagrangian and its properties

In this appendix we lay out the effective field theory (EFT) that underlies the phenomeno-
logy developed in sections 2—5. We first define the complete dark-sector Lagrangian, its field
content, and its symmetries appendix (A.1). We then demonstrate how the density—responsive
contribution pg (X) for dark energy (DE) follows from a well-defined minimization principle
applied to an auxiliary scalar functional U(-,X) appendix (A.2). Finally, we detail the scalar
potential relevant for dark-matter phenomenology and demonstrate how the physical mass
eigenstates, the light mediator ¢ and the heavy scalar resonance ®;, arise after symmetry
breaking appendix (A.3). This appendix provides the formal backbone for the results quoted
in Sections 4 and 5 and clarifies the precise relationship between the fields ®, ¢ and ®,,.
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A.1. Complete Lagrangian for the unified dark sector

We work with an EFT valid up to a cutoff A > TeV [10, 11]. The field content consists of the
SM, GR, a Dirac dark fermion y, and complex dark scalar 3. The total Lagrangian is

L= Lsm + Lor + Laak + Lportal , (A1)
with Lgr = MT‘Z"R and
Lok = XidXx — [yEXexz + he.] + 9,57 — V() — U(Z,X). (A.2)

A global U(1), acting as x — €'® ensures the stability of x?; this is the standard approach
in simplified DM EFTs [58].

The scalar potential splits into a self-interaction piece V(X) and a density-responsive func-
tional U(X, X),

2

V() —A(|2|2— 2) + Vsa (5),

U(%,X) = U(X].X), (A.3)

where X = u,,u, Thyer is the Lorentz scalar built from the ambient matter stress tensor and
local 4—velocity u*. The term Vgsp provides a soft, explicit breaking of the global U(1) phase
symmetry of X, thereby giving a small mass to the otherwise massless Nambu—Goldstone
mode—i.e. producing a PNGB, which is in direct analogy with explicit chiral symmetry break-
ing in QCD and its chiral perturbation theory description [59, 60]. The functional U(3,X)
captures the density—response familiar from chameleon/symmetron—type constructions [12,
13, 61], but with a concrete realization detailed in appendix A.2, which yields equation (A.24).
The portal interactions to the SM are taken to be minimal, e.g.

C,
Loorar = —|SP[H? — f (S+30) | + ..., (A.4)

as in the Higgs-portal paradigm [14, 62]. We assume that these couplings are small enough to
satisfy collider and direct—detection limits (quantified in sections 5.4, 5.5, and in appendix C).

Field parametrization and physical states. We parameterize the complex scalar around its
VEV as

Y (x) = (v + 5 (x)) /@ /v (A.5)

1
V2
where s is the CP—even radial mode and a is the CP—odd phase (the would—-be Goldstone
boson). In the absence of Vgp the phase is massless because of the shift symmetry a—a+c; a
soft breaking term in Vgp generates m, < vy and can induce a small CP—even/odd alignment.
This is the standard PNGB structure of non-linear o-models [10, 63].

The Yukawa term in (A.2) generates the dark—fermion mass and its coupling to the scalars.
Expanding (A.5) one finds

Yf - L Yfa _ s
Ly = — == (vs+s — == — + ..., A.6
Yuk \/5(5 ) XX 5 v XTX (A.6)

2 A discrete remnant Z, C U (1) would suffice for stability. We set any bare fermion mass to zero and generate m,,
dynamically via (X).
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so that
Yrvs Yt (5 Yr
L S . (A7)
V2 RV R Y
In our phenomenology, the relevant long-range attractive potential is generated by CP-
even scalar exchange, which realizes the classic Yukawa self-interaction setup for SIDM [6].
Therefore, we define physical light mediator ¢ and heavy resonance ®; as small admixtures

of s and a:
10) _ cosf  sinf a
< P, ) o ( —sinf cosf s )’ ol <1, (A.8)

where Vsp induces a small alignment angle @ (e.g. via a linear term z°% +h.c. or a CP-
violating bilinear term). This implies that scalar DM coupling is

my

Yo Y
Yy = 8oxx = é sinf, gl,?lM = 8oy = %cos@, (A.9)

so that ¢ mediates the required attractive Yukawa potential for self-interactions, whereas @,

provides the heavy s—channel resonance relevant for freeze—out.

Mass spectrum at tree level. From (A.3) the CP—even mass is
m? = 2\2, (A.10)

and Vsp generates the small mass m2 < v? as well as the mixing 6. To leading order in |#] < 1
the physical eigenvalues are

m(zb o~ mi + O(sz?) , méh ~ m? + O(sz?) , (A.1D)
hence
me, ~ V2\vy, m, = s Yy = 2 ging. (A.12)

V2’ V2
These relations make explicit how the resonance condition mg, ~ 2m, maps to a simple
coupling relation v/2\ ~ ﬂyf (up to small mixing effects). The light mediator mass my ~
O(10MeV) is protected by the approximate shift symmetry of a and naturally arises from Vsg
(soft breaking), exactly as in PNGB frameworks [10, 59].

Density-responsive term and notation. The functional U(X, X) in (A.3) encodes the density—
responsive sector responsible for the dark—energy contribution. In appendix (A.2) we show that
U induces an effective vacuum contribution by minimizing over an auxiliary scalar DOF

AMY,
1+X/M},’
with My running according to anomalous dimension ~y as discussed in section 6. Importantly,
the ¢— and ®,—mediated dark-matter phenomenology is governed by V(X) and the small mix-
ing 6 (equations (A.9)—(A.12)), while the dark—energy behavior is controlled by U(X, X); this

structural separation underlies the decoupling between annihilation (early Universe) and self-
interactions (late times) emphasized in this study.

pa(X) = (A.13)

A.2. Derivation of the density-responsive energy ps(X)

The density-responsive functional U(X, X) introduced in equation (A.2) generates the dynam-
ical dark—energy component of the model by encoding how an auxiliary scalar reacts to the
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ambient matter density X = u,u, T In this section we explicitly demonstrate how the
effective contribution pg (X) arises from a well-defined variational principle. For clarity, we
denote the auxiliary (non-propagating) scalar by ® (distinct from the heavy resonance ®;,).
The construction is standard in EFT: one integrates out an algebraic field to obtain an X—
dependent effective potential, cf Hubbard—Stratonovich/Legendre transforms [64]. Moreover,
in section 2.3 we wrote U = ming [Vyu (®) + C(|X|)@X] with C~ M_*. Throughout this
appendix we absorb C into a field redefinition ® — C®, so U = ming [Vaux(P) + P X]. All
final expressions for pg (X) (e.g. equations (A.22) and (A.24)) are unchanged and independent
of this convention.

Set-up and dimensions. We assumed that ® is dimensionless®. The density—responsive piece
of the Lagrangian is defined by extremizing over ®:

U(5,X) = inf { Vo (®) + X}, (A.14)
where V.« (®) is the convex ‘bare’ potential for ®. The algebraic equation of motion is

8Vaux

T X=0 X)=U(X,X . A.15

0P lo=a.(x + ’ pe (X) (2,%) d=a,(X) ( )

The convexity (V.|

x> 0) guarantees a unique minimum and stability.

One-field convex realization (Legendre form). A broad class of convex choices for Vi,
generates monotone, positive, and density—screened pg (X). A convenient example that is fully
analytic is

Vax (®) = AME [® —In(1+®)], & >—1, (A.16)
which is strictly convex (V.. = AMY,/(1+ ®)? > 0). The stationarity condition from (A.15)
gives

AM |1 — X=0 A17

v [ 1+ @J - A7)
Z

= o, (X) = ———, = . A.18
Substituting back yields the exact effective energy

pa(X) = Uly = AMy[In(1+2) —z] + po, (A.19)
where the X-independent constant py is absorbed into the vacuum counterterm. This pg (X) is
positive, strictly decreasing (Oxps = —z'/(1 4 z) < 0), and convex. Its asymptotics are

1
ps (X) = AMY, 1—z+§zz+(9(z3) (z< 1), (A.20)
po (X) = AM} [Inz— 1+ 0 (z7')] (z>1). (A21)

For late—time cosmology (the regime relevant for section 2.3), a compact Padé fit that preserves
the small-z behavior and smoothly interpolates is
4
(Padé) _ AMy
X) = ————, A22

3 With ® dimensionless and X of mass dimension four, the combination ® X has the correct dimension for an energy
density. Any overall dimensionless coupling can be absorbed by redefinitions below.
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which we adopt in the main analysis because it renders all background equations analytic and
captures the required limits*. This subsection demonstrates explicitly that equation (A.22) is
not ad hoc: it is the natural Padé representative of a family of convex, EOM-generated pg (X).

Exact Lagrange-multiplier realization of the rational form. If one prefers the exact rational
form of equation (A.22) directly from an algebraic EOM, a minimal two—auxiliary—variable
construction achieves this without sacrificing stability. Introduce a positive, dimensionless
‘response’ field s and a Lagrange multiplier A and define

U(S,X) = ext {AM‘;,s + A [s(l +Aj4> — 1] } ) (A.23)

s>0, A U

The variation with respect to A imposes the algebraic constraint s(1 + X/Mg,) = 1, whereas the
variation with respect to s fixes A = —AM7,/(1 + X/My};). Evaluating (A.23) at the stationary
point yields

AM},
1+X/M},’
that is the exact working expression used in section 2.3. The construction (A.23) is the EFT
analog of enforcing an algebraic equation via a Lagrange multiplier; one may optionally reg-

pa (X) = AMps. (X) = (A.24)

ularize the constraint by a convex quadratic penalty % I [s(l +X/M7) — 1]2 and then take
L —> 00.

Running of My and anomalous dimension. In our framework the scale My runs with RG
scale i according to an anomalous dimension v inherited from the hidden strong dynamics,

dInM7,
dinp

= 4~ (ap), v ~0.504+0.05, (A.25)

so that My (1) bridges the Planck scale and the meV scale relevant to late—time acceleration
(see sections 6 and appendix H for details). This RG improvement ensures that both realiza-
tions above maintain the required behavior at intermediate and high densities (where X/M,
ceases to be small), aligning with the chameleon/symmetron intuition that the effective vacuum
contribution is environment—dependent [12, 13].

In summary, equations (A.14)—(A.24) show explicitly how a density-responsive dark—
energy term pg (X) emerges from algebraic equations of motion of an auxiliary scalar sector:
either (i) from minimizing a convex functional (Legendre form) that yields a smooth, mono-
tone pg (X) whose late—time behavior is captured by the Padé form (A.22), or (ii) from an exact
Lagrange—multiplier construction that reproduces (A.22) identically.

A.3. The scalar potential for dark—-matter phenomenology

We now detail the structure of the scalar potential V(32) from equation (A.3), which governs
the particle physics of the dark sector. A single complex field 2 with a spontaneously broken
global U(1) symmetry yields a heavy CP—even radial mode (the resonance ®;) and a light

4 Over the range 0 < z < 1 relevant for late times, the relative deviation |pgp — pgadé) |/pas can be made <5% by

a mild retuning of A, while the renormalization—group running My(u) (A.3) further improves the match at higher
densities.
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PNGB, which plays the role of the SIDM mediator ¢. This is the minimal linear—o realization
of SSB [16, 17].

Mexican-hat potential and spectrum at exact symmetry. We take

v2

2
veE) = A(1P- 2 ) + Va2, (220

with A > 0 and symmetry—breaking scale v,. In the symmetric limit Vsg = 0 the vacuum satis-
fies (|2]) = v,/v/2 and the global U(1) : ¥ — ¢'®X. is broken spontaneously. Parametrize the
fluctuations around the vacuum by

1 )
Y(x) = — (v +s(x e'”(")/“‘, A27
(x) 7 (vs +5(x)) (A.27)
where s (CP—even) is the radial mode, and a (CP-odd) is the phase mode. Inserting (A.27)
with Vgg = 0 into V yields
2

2
1 A
V(s) = A(vserSz) =5 (207) s 4+ Aves® + Zs“, (A.28)

so that
m = 2\, m: = 0. (A.29)

Thus, s is heavy (TeV—scale in our benchmarks), whereas a is the Goldstone boson.

Soft symmetry breaking and a light mediator mass. To identify the SIDM mediator with
the PNGB, we provide a a small mass by introducing a technically natural® explicit breaking.
A minimal choice, analogous to the quark—mass term in chiral perturbation theory [59], is

vl (2) = =i (243, (A.30)
with a soft scale p1; < v;. Expanding ¥ as in (A.27) and keeping quadratic order in a, one finds

2.3 2.3
V25 o e V20 (A31)

v S
sg 2 T v, a o
For representative values v, ~ O(TeV) and m, ~ my ~ 10——20 MeV one obtains a soft scale

fis ~ (m2vs/V/2) R 0(0.5——1GeV), illustrating that the hierarchy mg < mj is natural and
technically stable.

Controlled CP-mixing and physical eigenstates. Self-interactions of fermionic DM require
CP-even scalar coupling. Our fundamental fields are CP—even s and CP—odd a. A small CP—
violating spurion can mix them, allowing the light state to inherit scalar coupling while keeping
the CP violation parametrically suppressed. Rather than introducing tadpoles, we employ a
tadpole—free bilinear in the EFT that arises from the >¥-language as

2
viEn = % (ETZVZS) i(z-xh), (A.32)

s

5 In the’t Hooft sense: m, — O restores the global U(1) symmetry [19].
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where £; has dimension two and controls the size of the CP violation. Expanding (A.32) to a
bilinear order in fluctuations yields

Vi) o mlsa,  ml, = V2§, (A33)

with no a—tadpole, owing to the subtraction X% —12/2. By collecting equations (A.29),
(A.31) and (A.33), the mass matrix in the (a, s) basis reads

2 2 '
M2 = ( Ma M > tan20 = — (A.34)
mg, Mg mg —my

where 6 is the a—s mixing angle. For the phenomenologically relevant hierarchy m? < m? and
small spurion |m2,| < m?,

m> \@f
0 — ' <« 1 A35
m2 22?2 <5 ( )
2 2
2 2 (m3)
~ — A.36
m¢ ma m% ) ( )
212
2 2 (m5)
mg, =~ ni; + e (A.37)
The physical states are then
¢ = cosfa+sinfs (light, mediator) , (A.38)
¥, = —sinfa+ cosfs(heavy,resonance) . (A.39)

Coupling with DM. As in equation (A.9), the physical scalar interactions read £ D
—yx XX ¢ — geMXx B, with yy ~ (y7/v/2)sinf and gPM ~ (yy/v/2) cos .

This exactly realizes the structure employed in section 5.1 (resonant freeze-out) and
section 5.2 (late-time self-interactions): ®; controls resonant annihilation at freeze—out, while
¢ mediates late—time self-interactions with a coupling set by the small, technically natural
mixing angle 6.

In summary, the entire particle content and interaction structure of the SIDM sector fol-
lows from the minimal, well-understood potential (A.26): a heavy scalar ®, with mfbh =
2002 + O(£2), alight PNGB mediator ¢ with mé ~ \/24i3 /vy, and a suppressed scalar coupling
to DM governed by 6 ~ & /(A\v?). This is precisely the structure required by the phenomeno-
logy developed in sections 4 and 5 and addresses the origin of ¢, ®;, and their relation to the
underlying field X.

Appendix B. Cosmological constraints on the light mediator

We work in a secluded setup where the light scalar ¢ (benchmark mg = 15 MeV) has no
appreciable couplings to quarks and only a tiny leptophilic portal,

L Dc.pee.

Cosmological viability is reduced to three checks: (i) ¢ never thermalizes with the SM plasma,
(i) it decays before the BBN, and (iii) its energy injection is negligible so that | ANg| remains
small. Below we provide compact formulas that support section 5.3.
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B.1. Freeze-in (no thermalization)

Production proceeds via the inverse decay eTe™ — ¢ (‘freeze-in’). A conservative non-
thermalization criterion compares the decay rate to the Hubble rate at T~ m:

I’i’l¢ T2
H(T) = 1.66/g, —, B.1
e (7) & (B.1)

2
Ce

F¢—>e+e‘ =

2
T ~ CeMPl

— ~ L. B.2
H T~mgy 13.37'(\/g7*1’l’l¢ < ( )

Numerically, for my = 15 MeV, g, ~ 10.75, and ¢, = (3-5) x 10~ one finds I'/H ~ 0.05-
0.15, i.e. ¢ never equilibrates (freeze-in). The corresponding freeze-in abundance is tiny and
a small change of ¢, further suppresses it quadratically.

B.2. BBN and AN

The decay into electrons is

2
c,my 8
- B.3
8t ' o (B.3)

F(¢—>e ef) = g

For my = 15 MeV, requiring 75 < 1 s (decay before BBN) implies ¢, > few x 107'1; e.g.
ce =5 x 107" yields 74 ~ 0.44 s. Because the freeze-in population is minuscule, the ¢ energy
fraction at decay, faec = P/ Prad, is Well below the percent level. The corresponding contribu-

tion to the effective number of relativistic species is

4 (11\*3
|ANggt| =~ 7 (4) fiaee < 1072, (B.4)

comfortably below current bounds.

Cosmological and laboratory constraints. (i) For mg < 2m,, only ¢ — ete™ is open, so had-
ronic BBN limits are kinematically avoided; the electromagnetic BBN bounds are satisfied in
our benchmark where 74 <1 s and the freeze-in abundance is tiny [65]. (ii) Fixed-target/beam-
dump and SN1987A limits on light scalars are weak in the window mg ~ 10-20 MeV and
ce ~ 107!, because production is oc ¢2 and decays occur outside detectors; see the summary
in [66]. (iii) These checks are consistent with the narrative in section 5.3, so no additional
cosmological ingredients are required for our benchmark.

Appendix C. Spin-independent (SI) direct detection

In this appendix we derive the SI scattering of x on nucleons from the Lagrangian defined in
section 2 and provide a numerical prediction for our benchmark. We follow the standard work-
flow: (i) integrate out the scalar mediators to obtain an effective Y x gq interaction appendix
(C.1), (ii) match to the nucleon level using scalar form factors fg) and the trace anom-
aly appendix (C.2), (iii) write the closed-form expression for og; appendix (C.3), and (iv)
evaluate the benchmark and explain the suppression of the light mediator ¢ appendix (C.4).
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C.1. Effective x—quark interactions

The relevant dark-sector terms in the mass basis (¢, ®;,) read (cf section 2.2)

L=y xXx0— VXX Ph — > (8640 + &n.smPh) 4, (C.1)
q
where the quark coupling of the heavy scalar resonance $,, is parameterized by a (small) Higgs-
portal mixing(’. In the absence of kinematic thresholds, tree-level exchange of a scalar S €
{#,®;,} induces an effective operator on the quark level
_ YxS8S
LW =Y CPxxag. Y = Bk, (€2)
s
q
with yy 5 € {yy, g¢M}. For @, one has ge,qq = (gnsmmg/v). For the light state ¢, g4 44
depends on the chosen portal in which we assume a leptophilic quark-silent portal such that
8¢qq = 0 at tree level appendix (C.4).

C.2. Matching to the nucleon level

Scalar quark operators are matched to nucleon matrix elements via (N|m,qq|N) = me(T];]).
Heavy quarks Q = ¢, b,t contribute through the trace anomaly (gluon operator) [40, 41, 67].
For scalar exchange we obtain

_ N, 2 ) -
= > fiy + a1 S fv=030£0.03, (C.3)

q=u,d,s q=u,d,s

where numerically we used global fits of [41]. The effective y—nucleon coupling induced by
the scalar mediator S is then

AS) Z xSESNN . _ Yxs N ) 8hsm (S=@p), (C.4)
N = 2 T 2 5 _ :
ms mg v gonv  (S=9),

where g4 v denotes the (generally highly suppressed) effective ¢—nucleon coupling.

C.3. Sl cross section

The SI scattering on a nucleon N takes the canonical form
2

2
™ _ Pxw 5) _ _xmy
st T T Z f1<\' ) HxN =" iy (C€.5)
S=¢,®;,
In our benchmark the ®;, contribution dominates appendix (C.4), yielding
2
2 DM
o P [gyl Snsw my fN] | 6
s mg, v

6 For SM quarks we write gu,sm3q = (gn,smmq/v) §q, with v =~ 246 GeV.
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C.4. Benchmark and suppression of the ¢ contribution

For the benchmark in table 1,
{my, ma,, gPM, gnsm} = {600 GeV, 1201 GeV, 0.190, 0.052}, (C.7)
with my = 0.939 GeV, v = 246 GeV and fy = 0.30, equation (C.6) gives
600 x 0.939
HxN = 600 +0.939
(0.938 GeV)2 0.190 x 0.052 0.939 GeV
m (1201 GeV)* 246 GeV

~1.7x1072GeV? = ol (@) ~ 6.7x 1078 cm?,  (C.8)

GeV ~0.938 GeV,

x 0.30

o§l (@) ~

using 1 GeV ™2 =0.3894 x 10~2*cm?. This prediction lies just below the current LZ limit for
m, ~ O(10>—10%) GeV [42] and thus constitutes a sharp, testable signature of ®,-mediated
scattering.

Why ¢ does not contribute?. A light scalar mediator with mg4 ~MeV and generic had-
ronic couplings would yield an excessively large SI cross-section owing to the m;4 scaling.
Therefore, we adopt a leptophilic/quark-silent portal in the benchmark

8sqq =0 (tree level), LDcpoll, (C.9)

so that ¢ does not couple to nucleons and os;(¢) = 0 at tree level”. At the same time ¢ can
decay promptly to eTe™ before the BBN

2
L(¢p—ete) = ¢ 8m

o Ty 2 By (C.10)
Already ¢, >3 x 107! gives 7, <1 s for my =15 MeV, consistent with the BBN.
Alternatively, an extremely small Higgs mixing ¢——#h would be possible; the LZ limit would
then require | 8¢ NN| < 10719, well below the typical portal mixings, which motivates the lepto-
philic benchmark.

In summary, the heavy scalar resonance ®;, dominates direct detection with ogr ~ 7 X
10~* cm?, while the light mediator ¢ controls self-interactions, however, owing to quark-
silent/leptophilic portal, it does not contribute to SI scattering.

Appendix D. Numerical implementation and scan strategy

This appendix provides details on the numerical implementation of our two-mediator model
and on the strategy used to identify the viable parameter space. Relic density and self-
interaction cross-sections were computed using micrOMEGAs 6.2.3 [32].

D.1. Model implementation in micrOMEGAs

We implemented the model by extending the public DMsimp_s_spinO_MO setup from the
DMsimp framework [33], which provides a validated baseline for Dirac DM with a scalar
mediator. Our extensions were:

7 Loop-induced contributions via photons or leptons are many orders of magnitude below current sensitivities.
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e Particle content: we have added the heavy scalar resonance ®;, to the particle list (internal
name Y1, PDG code 56). DM fermion x and light mediator ¢ correspond to Xd and YO,
respectively.

e Parameters and couplings: we introduced the mass MY1 and total width WY1 of ®;, and its
Yukawa coupling to DM gSXd1 (our g[QlM). The Lagrangian files are updated accordingly to
include the interactions defined in 2.

e Widths: at each parameter point we compute ', = I'(®; — xX) + >_g L' (21 — SM) self-
consistently, including all kinematically accessible channels (see appendix E.1 for the for-
mulas). The light mediator ¢ is treated as a narrow state with the width determined by its
allowed secluded/SM decays (B).

Annihilation is modeled via an s-channel Breit—-Wigner propagator E.1; the Sommerfeld
enhancement from ¢-exchange is factorized in the non-relativistic limit as discussed in
appendices E.1 and E.2 and consistently included in the thermal average.

D.2. Scan strategy and viability criteria

We explore the multi-dimensional space {m,, mg, yy, ma,, g]%M , 8n,sm} With a hierarchical
scan that exploits the parametric separation of observables.

Scan procedure. For a fixed m,, we proceed in two stages:

(i) Self-interaction tuning: we mapped the (mg,y,) plane to satisfy the SIDM targets
by computing the momentum-transfer cross-section or/m, at reference velocities v =
{10, 30, 1000} km s~ ! using the non-perturbative Yukawa solver appendix (F). This iden-
tifies iso-contours that meet the dwarf-scale requirements while remaining consistent with
the cluster bounds.

(i) Resonant annihilation tuning: along these iso-contours we tune the heavy sector, primarily
the detuning 6 = mg, /(2my) — 1 and gPM-to reproduce the observed relic density. The
thermal average uses the full s-dependence of the Breit—-Wigner cross-section appendix
(E.1) with factorized Sommerfeld enhancement when relevant appendix (E.2). We used
darkOmega with a target precision of 1%.

Viability criteria. A point is deemed viable if it simultaneously satisfies:

e Relic density: 0.1176 < £, h* < 0.1224 (Planck 2018, 20) [1].

e Self-interactions: 0.1 < o7/m, < 10 cm?/g at dwarf velocities (v ~ 10—50 kms "), while
or/my S1 cm? /g at cluster scales (v ~ 1000 km sfl) [3, 5]. (See appendix F for definitions
and numerics.)

e Perturbativity: All dimensionless couplings in the dark sector satisfy yi /(4m) <1,
g7/ (4m) < 1.

The intersection of these requirements defines the viability island shown in figure 1.

D.3. Numerical stability and validation

For the SIDM calculation we adopt the convergence criteria and partial-wave truncation tests
detailed in appendix F; varying the matching radius and £y, shifts o7 by < 5%. For the relic
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calculation, we checked the stability of €2, 4> under changes in the thermal integration toler-
ances and the treatment of the narrow resonance. The results were stable at the percent level
in the viable region. The benchmark curves from [6] (Born/classical/resonant regimes) were
reproduced as a cross-check.

Appendix E. Resonant annihilation formalism

This appendix provides a theoretical framework for resonant dark-matter annihilation, as
implemented in our numerical analysis. We summarize the standard formulas for the thermal
relic density, the Breit-Wigner resonance, relevant decay widths, and the thermal averaging
procedure. Classic references for these topics include [22, 68] and [69].

E.1. Thermal relic density

The relic abundance was determined by solving the Boltzmann equation for the yield Y = n, /s.
For a standard thermal freeze-out scenario at temperature T ~ m,, /xp with xg = 20-25, the
relic density today is approximately given by

_Lo7x10° GeV! xp

QO h* ~ ,
X Mpi\/g. (xp)  (oV)F

where (ov)F is the thermally-averaged annihilation cross-section at freeze-out, and g.(xr) is
the effective number of relativistic degrees of freedom.

(E.1)

E.2. Breit-Wigner resonance and Sommerfeld enhancement

The s-channel annihilation xx — ®; — SM is dominated by the exchange of the heavy scalar
near the mass pole. The cross-section for this process is described by the Breit-Wigner formula.
In the non-relativistic limit, this can be combined with the Sommerfeld enhancement arising
from the light mediator exchange. As formally demonstrated in [8], the two effects factorize,
and the total cross-section can be written as

ov==5 (V) X (UV)Breit7Wigner7 (Ez)
where S(v) is the Sommerfeld factor and the bare resonant cross-section is given by
167 T(®p — xx) T (P — )
<UV)Breit7Wigner = Z T e (E.3)

2
7 (somg,) T+ my, I,

where s~ 4m3(1+v?/4) near the threshold. The resonance parameter &= (mgp, —
2my)/(2m,) quantifies proximity to the pole. This factorization is crucial for our model,
and our numerical implementation in micrOMEGAs accounts for this combined effect.

E.3. Decay widths

The total width I'p, determines the resonance shape.

Dark matter (DM) channel:

DM\ 2 am2 \ 2
[(®, — xX) = (s1") " ma, <1— mx) ) (E.4)

2
8w ms,
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SM channels: For scalar coupling to a fermion f of the form — g%ﬁﬁ@h, the width is

8%, Mo 4m? 2
7 S Py ff h f
h

We neglect loop-induced gg in I'g,. Gluon-fusion still dominates the production mechan-
ism at the LHC via the top loop in our quark-portal benchmark. In our quark-only portal
benchmark we take g, = gn.sm(my/v) for quarks and neglect tree level couplings to W,Z
(and loop-induced gg), which keeps the resonance narrow and the phenomenology aligned
with direct detection. With {mg,,m,,gP™, gnsm} = {1201 GeV,600 GeV,0.190,0.052}
we obtain I'g, ~ 0.17 GeV and BR(®;, — #f) ~ 99.85%, BR(®, — bb) ~ 0.08%, BR(®), —
XX) =~ 0.07%. (If one instead assumes Higgs-like mixing to all SM states, WW/ZZ would
contribute at tree level and modify both I'g, and the branching ratios accordingly).

E.4. Thermal averaging

The thermal average of the cross-section over the Maxwell-Boltzmann distribution is given by
the integral [69]:

(ov)=— L / " dso(s) (s — 4n2) /5K, (‘f) (E.6)

 8mATKS (my /T) Jame,

where K, are modified Bessel functions. This integral was numerically calculated in our

analysis. Near resonance, it is dominated by energies s ~ méh.

Appendix F. Self-interaction cross-section

This appendix provides the formalism for the velocity-dependent self-interaction cross-section
arising from light scalar exchange. The calculation requires a non-perturbative treatment of
scattering in the Yukawa potential.

F1. Yukawa potential and scattering formalism

The #-channel exchange of the light mediator ¢ generates an attractive Yukawa potential

e Mor y2
V(r)=—ay — Qy :ﬁ.

(F.1)

In the non-relativistic limit, the scattering problem is solved by computing the partial wave
phase shifts, d;, from the radial Schrodinger equation. The momentum transfer cross-section,
which is an astrophysically relevant quantity, is given by [6]

A7 &

a
1=0

or (l+ 1) Sirl2 ((5[+1 — (51) s (F2)

where k = (m, /2)vre is the momentum in the center-of-mass frame.
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F2. Limiting regimes

The scattering dynamics are characterized by the dimensionless parameter (=

20, my [ (my v?):

Born regime (3 << 1): For weak interactions or high velocities, the cross-section can be com-

puted perturbatively:
m2v? m?v?
ln<1+ X2 - — X > | - (F.3)
my my + m,v

Classical regime (3 > 1): For strong interactions at low velocities, multiple partial waves
contribute, and the cross-section approaches a classical limit:

2

UBorn ~ Sﬂ—aX

T m2
X

a,%lassical ~ 41 X {ln(l +ﬂ) ’ B 5 1027 (F4)

T omE 7 2(nB)?, B> 107
For our benchmark parameters, dwarf galaxy halos (v ~ 10kms~') were in the classical

regime (3 ~ 103), whereas galaxy clusters (v ~ 1000 km s~!) approached the Born limit (3 ~
0.1). This natural crossover provides the required velocity dependence.

F3. Numerical implementation

The phase shifts §; were numerically computed. Our analysis used the integrated Yukawa scat-
tering routines in micrOMEGAs, which solved the radial Schrédinger equation and summed the
partial wave series until convergence was achieved. This method correctly captured all non-
perturbative effects, including scattering resonances. For our benchmark, this yields o7/m,, =
0.96cm?> g atv=10kms~'.

Appendix G. Radiative stability of the resonance condition

In this appendix, we establish the radiative stability of the resonance condition mg, ~ 2m,,. Our
analysis shows that quantum corrections preserve this relationship, confirming their technical
naturalness. We ask whether such a small number is stable under quantum corrections in the
sense of 't Hooft [19].

G.1. One-loop corrections

The leading one-loop contributions to the masses arise from the dark sector loops and the
Higgs portal. In the MS scheme, the leading logarithmic corrections are

Heavy scalar mass:

DM)2 2 2 302 2 2
2 (gy ) ny, 1z En,sM" M
omg, = 77‘4772 {1 +1In (m )] T I+In w2 )| (G.1)
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where the first term is from the x loop and the second term is from the top quark loop via the
effective coupling g, ;.

Omy 3 2 W DM 2 p
—= = In| — In| — . G.2
My 3272 lyx 1 (mé + (gY‘ ) 1 méh G-2)

For our benchmark parameters, choosing the renormalization scale p ~ mg, minimizes these
logarithmic corrections.

DM mass:

G.2. Running of the resonance parameter

The key quantity for stability is the evolution of the detuning parameter 6 = mg, /(2m, ) — 1.
Its beta function is

do 1 dmag, mag, [ dm,,
“Map - : G3
Pa Hau 2m, (H du ) 2m2 Fau (G.3)
Using the one-loop beta functions for the masses, this yields
dé 1 DM\ 2 5 M2 , m
Fap ™ 3om2 [_2(&1 ) =3y —3(gn)")" +6(8ns) @ : (G.4)

For our benchmark couplings (y,, = 0.30, g]}?lM =0.19, gu, ~ 0.05), the numerical result is

u@ ~-—8x 1077, (G.5)
dp

G.3. Integrated running and stability

Integrating the running from the UV scale (e.g. pyv = 10 TeV) to the resonance scale (pow =
1.2 TeV) yields a total shift of

A = 6(,“/10w) — 6(/J/UV) ~ (,u,d(s> In (Nlow) ~1.7x 10_4. (G6)
dp Huv

This radiative shift is smaller than the required tree-level value § ~ 8 x 10~*, demonstrating
that the resonance condition is stable under RG evolution.

The radiative analysis thus reveals that: (i) the resonance condition is stable under quantum
corrections, (ii) no large logarithms destabilize the hierarchy, and (iii) the required precision
(6 ~10*=10"3) is technically natural in the sense of’t Hooft [19]. This distinguishes our
scenario from genuine fine-tuning problems, in which radiative corrections are much larger
than the tree-level values. The resonance condition represents a mild numerical requirement
that can plausibly emerge from the dynamics of UV theory, as discussed in section 6.

Appendix H. UV motivation from a composite SU(3)y theory

This appendix outlines a plausible microphysical origin for the EFT presented in section 2: a
strongly-coupled hidden SU(3)y gauge theory with Ny = 10 massless flavors. We summarize
the key properties that give rise to the required anomalous dimension for DE and the composite
mass spectrum for DM.
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H.1. Two-loop beta function and Banks-Zaks fixed point

The running of the hidden gauge coupling, ay = g% /(47), is governed by the two-loop beta
function. For an SU(N,) gauge theory with Ny flavors in the fundamental representation, the
coefficients in the MS scheme are [70, 71]

11 2
by = —N, — =N,
3 3 D
34 10 N -1 '
by = =—N?> — —N,N;—2CpN;, withCp = —~——.
1= e T g Ny T AbrRy, WIREE = o

For our choice of (N.,Ny) = (3,10), we obtain by = 13/3 and b; = —74/3. The negative two-
loop coefficient induces an infrared Banks-Zaks fixed point [47] where 3(aj};) = 0. The non-
trivial solution is

4dtby 527
=— =x2.21. H.2
by 74 (H2)

o =—

H.2. Anomalous dimension

Near the fixed point, the fermion bilinear operator W acquires a large anomalous dimension,
Ygg- Perturbative all-orders estimates, such as the Ryttov-Sannino formula [48], suggest a
value of v, ~ 0.7 — 0.8 at the strong coupling of equation (H.2). However, such estimates
carry significant uncertainties at strong coupling.

A more robust guide comes from non-perturbative lattice simulations. Recent lattice studies
of near-conformal SU(3) theories with a similar number of flavors typically find values in
the range of fylf}t\l, ~ 0.6 £ 0.1 [49]. The cosmologically relevant value, Ycosmo, 1 an effective
average over the entire ‘walking’ RG flow from the UV to the confinement scale and can

plausibly be slightly smaller than the deep infrared value. Therefore, a value of

Yeosmo = (Yow (1)) ow ~ 0.50 +0.05 (H.3)

is fully consistent with the theoretical expectations from lattice data. This is in excellent agree-
ment with the phenomenological requirement for the density-responsive DE mechanism.

H.3. Mass scaling relations from compositeness

At a confinement scale Ay = 2.5 TeV, the theory forms composite ‘dark hadron’ states whose
masses are proportional to Ay. We identified the particles of our EFT with the following states:

e Baryon mass (i, ): the mass of the lightest three-quark state is estimated via NDA [37]:
N,
m, ~ — Ay ~ 600GeV. (H.4)
47

e Scalar meson mass (mg,): the mass of the lightest scalar meson (U state) is expected
to be of the order Ay, written as mg, =~ ko Ay. Lattice studies of near-conformal theories
suggest kg € [0.5,0.7] [38]. We adopted a value of kg = 0.48, which lies at the conservative
lower edge of this range and yields the desired mg, ~ 1.2 TeV.

From these standard scaling relations, the crucial mass ratio emerges dynamically:
me,  keAy 048

S A A 3 O (1)

37



Class. Quantum Grav. 42 (2025) 225006 M Drobczyk

This demonstrates that the resonance condition mg, ~ 2m, is a natural consequence of the
composite dynamics and not ad-hoc fine-tuning.

Appendix I. Structure of the viable parameter space

This appendix provides a more comprehensive characterization of the viable parameter space
and the rationale for our benchmark selection. Although the underlying SU(3)y theory motiv-
ates a DM mass of m, ~ 600GeV, we explored a broader mass range to demonstrate the
robustness of our solution.

1.1. Parameter correlations and scaling laws

With the resonance condition mg, ~ 2m, imposed, the viable parameter space was primar-
ily determined by three phenomenological parameters: {m,,mg,y, }. For each mass m,, the
heavy sector couplings (e.g. gP™) were subsequently fixed by the requirement that €, h* =
0.120.

Our comprehensive scan over m, € [200,1000] GeV revealed that viable solutions exist
only in a narrow, highly-correlated band. The allowed parameter ranges followed clear scaling
relations, as summarized in table I1. The correlations shown in figure 2 can be described by
the approximate power laws:

)

15 MoV my 083004
mg & (15 MeV) x (600GeV)

(L.1)
m 0.5140.03
Yx 7 (0.30) (600 éeV)

These scaling relationships arise from the physical requirement that the self-interaction
remains effective across different mass scales. The potential range, ~ 1 /m¢, must be scaled
appropriately with the relevant astrophysical length scales, whereas the fine-structure constant,
oy = yi /(4), must provide the correct scattering strength. The narrow width of the viable
bands (less than 20% variation in each parameter) demonstrated the high predictability of the
model.

1.2. Boundaries of the viable region

The region of viable solutions is bounded by physical constraints:

e For m, < 200 GeV, the required Yukawa coupling y, becomes large (> 0.5), and the per-
turbativity of the light sector interactions becomes questionable.

e For m, > 1000GeV, the self-interaction cross-section naturally becomes too weak

(or/my <0.1 cm? g_1 at dwarf velocities), even for an optimized light mediator. This
model is then no longer able to effectively solve the small-scale crisis.

This explains why viable solutions are confined to the multi-hundred GeV to TeV mass range.

1.3. Justification of the 600 GeV benchmark

Although a continuous family of solutions exists, our choice of the m,, = 600 GeV benchmark
is optimal for several reasons:
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Table I1. Viable parameter ranges for the light mediator mass mg and the Yukawa coup-
ling y, for representative dark matter masses. The bold entry indicates our primary

benchmark.

my (GeV) Viable my (GeV) Viable y,
200 3-5 0.15-0.20
400 8§-12 0.22 -0.28
600 12-18 0.28 - 0.32
800 20-25 0.33-0.38
1000 28 — 35 0.37-0.42

e Astrophysics: it provides an excellent fit to dwarf galaxy constraints, with o7/m,, on the
order of 1 cm? g~! at the most relevant velocities (see figure 4).

e Detectability: the associated heavy resonance at ~ 1.2 TeV is within the discovery reach of
the HL-LHC, making it an exciting experimental target.

e Perturbativity: all couplings are well within the perturbative regime (y, < 0.4), ensuring full
theoretical control.

e Centrality: it sits near the geometric mean of the allowed mass range, representing a ‘typical’
solution rather than an edge case.

While alternative benchmarks, for example at 400 or 800 GeV, provide a qualitatively sim-
ilar phenomenology, they offer a slightly less optimal fit to either astrophysical or collider
constraints.
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