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We present a comprehensive study of secluded dark matter (DM) y, where the relic abundance is set by
annihilations into lighter dark mediators ¢ that couple only feebly to the Standard Model (SM). In contrast
to canonical weakly interacting massive particles (WIMPs), which are now strongly constrained by direct
and indirect searches, secluded models still achieve the observed relic abundance via thermal freeze-out
into hidden-sector mediators, while predicting highly suppressed present-day signals. We analyze three
minimal models: (i) a U(1), gauge boson (A’) with kinetic mixing; (i) a scalar DM candidate S with a
scalar mediator K that has a trilinear vertex; and (iii) a Dirac fermion y whose mass arises from a Higgs—
mixed singlet H,. For each model we derive annihilation and scattering rates in both WIMP-like and
secluded regimes, and solve the Boltzmann equations: a single-species equation for the WIMP case and a
coupled y — ¢ system for the secluded case to account for possible early departure of the mediator from
thermal equilibrium with the SM bath. In this regard, we provide explicit lower limits on the portal coupling
€ required to keep the mediator in thermal equilibrium with the SM bath and to ensure mediator decay
before big bang nucleosynthesis. We show that for portal couplings e < 1073 the relic density is
dominantly controlled by DM annihilation into mediator pairs, while spin-independent scattering lies well
below current limits and remains viable even for future experiments approaching the irreducible neutrino
background floor. Indirect constraints are typically weak due to p-wave suppression, off-resonance
s-channels, and cascade spectra controlled by €. Finally, we highlight the most promising collider tests,
which remain sensitive despite tiny portal couplings.
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I. INTRODUCTION

The fundamental nature of dark matter (DM) remains one
of the most profound open questions in modern physics. To
date, DM has revealed itself only through its gravitational
effects on astrophysical and cosmological scales, while no
direct signal of DM-particle interactions has been observed
in laboratory experiments [1-3]. If DM is made of particles,
its existence requires physics beyond the Standard Model
(SM), since no known SM state can account for the observed
relic abundance [4].

A realistic DM candidate must satisfy several properties. It
should be stable on cosmological timescales (lifetime > age
of the Universe), carry no electric charge, and interact very
weakly with visible matter. The underlying Beyond the
Standard Model (BSM) framework must provide a
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mechanism linking early universe dynamics to the present-
day abundance. To match structure formation, DM must be
nonrelativistic by matter-radiation equality (z ~ 3400) and
have a sufficiently small free-streaming length (i.e., behaves
effectively as cold dark matter). Moreover, its self-interaction
rate must remain small enough to comply with astrophysical
constraints such as those inferred from the Bullet Cluster [5].
Finally, any viable DM particle must satisfy the tight bounds
from direct, indirect, and collider searches [3,6].

Among the many candidates, weakly interacting massive
particles (WIMPs) are particularly well motivated, as they can
satisfy all of the above requirements [7,8]. Well-studied BSM
frameworks, such as supersymmetry [9], naturally predict
new particles with the correct quantum numbers to act as
WIMPs [10,11]. A key feature of these scenarios is that
WIMPs undergo thermal freeze-out in the early universe,
which can produce the observed DM abundance. Remarkably,
particles with electroweak-scale masses (GeV-TeV) and
couplings around the weak scale naturally yield a relic density
close to the measured value (Qpys” ~ 0.12). This coinci-
dence is often referred to as the “WIMP miracle” [12] and has
driven decades of experimental efforts to detect them.

Experiments to detect WIMPs exploit three complemen-
tary strategies. Direct detection aims to measure nuclear or
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electron recoils from scattering with Galactic-halo DM
particles, using large underground noble-liquid targets to
reduce cosmic-ray backgrounds [13]. Collider searches,
performed, e.g., at LEP and the LHC, attempt to produce
DM in high-energy collisions of SM states, relying on
signatures with large missing transverse energy accom-
panied by visible objects [14]. Indirect detection looks for
excesses in cosmic radiation beyond known astrophysical
fluxes that may originate from DM annihilation or decay,
focusing on y rays, neutrinos, and antimatter [15]. In
addition, cosmological observations, most notably mea-
surements of the cosmic microwave background (CMB),
tightly constrain the DM abundance; Planck reports
Qpph? = 0.120 with ~1% precision [16].

Current direct-detection experiments, such as LZ and
XENONNT, have reached remarkable sensitivities to spin-
independent WIMP-nucleon scattering, excluding cross
sections down to O(107#7 —107%)cm? for weak-scale
masses [17—19]. In many canonical WIMP scenarios where
the same portal controls both annihilation (setting Qpy /%)
and scattering, these upper limits severely restrict the viable
parameter space (see, e.g., [20-24]). Looking ahead, experi-
ments such as DARWIN aim to approach the neutrino-floor
sensitivity [25], probing or excluding most of the remaining
spin-independent WIMP parameter space.

One generic way to ease these bounds is the resonant
regime, where mpy ~my/2. In this kinematic configura-
tion the s-channel propagator enhances the annihilation
cross section, so the relic abundance can be obtained with
couplings < 1, suppressing the predicted direct-detection
rate. As a result, resonant DM models are more easily
compatible with current and future limits (see, e.g., [22,24]).
That said, this scenario typically entails some degree of
mass tuning unless a model-building rationale relates m,
and mpy.

Alternatively, one may retain a thermal history for DM
but decouple the processes setting the relic density from
present-day DM-nucleus interactions. A simple way to
reconcile a thermal relic with very weak couplings to the
visible sector is the secluded DM mechanism [26,27]. We
briefly overview the main features here and apply them to
three specific BSM realizations in the next section.

The dark sector contains, besides the DM particle y with
mass m,, a lighter metastable mediator ¢ with mass mg that
communicates with the SM (¢p¢p — SMSM) through a small
portal coupling ¢ < 1. In the early universe, the dominant
annihilation channel that depletes the DM density is

= bp (my, > my), (1)

while the mediator subsequently decays to SM states via
the tiny portal. Thermal freeze-out then proceeds as in the
canonical WIMP picture, but the relic density is set by
the dark coupling gy that controls yy — ¢, rather than by
the portal to the SM. Schematically, for perturbative s-wave

annihilation one finds

4 m>
Ix 1= 010)em’s!,  (2)

2 2
1671']1’11 v
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with the precise prefactors depending on spins and inter-
action structures. Typically gy = O(0.1 — 1), as in the
WIMP paradigm, and the value of the (ov,) reported in
Eq. (2) is consistent with the thermal cross section. The
portal controls only the mediator decay, ¢ — SM SM, so
DM can be thermally produced yet effectively decoupled
from direct, indirect, and collider probes.

Two kinematic regimes are qualitatively distinct:

(i) WIMP regime: If m,, < my, the annihilation into ¢¢
is kinematically closed and the relic abundance is set
by yx — SM SM through the portal coupling e,
which takes values of the order of O(0.1-1) in order
to achieve Qpyh% = 0.12. These values of the portal
couplings are tightly constrained, and often ex-
cluded, by direct, indirect, and collider searches in
the GeV-TeV mass range.

(i) Secluded regime: If m,, > my, and the portal coupling
is small, the relic density is governed by annihilation
into mediator pairs (controlled by gy). The mediator
must still decay before big bang nucleosynthesis
(BBN) to avoid late energy injection. Requiring
75 <1 s (i.e., decay before T~ MeV) safely avoids
BBN constraints [28]. In many realizations the cor-
responding mixing can be as low as 10~ — 10~!! and
still satisfy 7, < 1 s, depending on m, and the open
channels (see Sec. III C).

Thus, for m, > m, the thermal relic condition and exper-
imental constraints largely decouple: Qpyh? fixes gy,
while direct, indirect, and collider rates are suppressed
by the tiny portal ¢ < 1.

Although the portal coupling is typically very small (to
satisfy direct-detection and collider limits), this does not
suppress the primary annihilation process yy — ¢¢, which
depends only on dark-sector couplings. The mediators
subsequently decay to SM states provided that Fgl <1s

in order to satisfy the BBN observations. These ¢ decays
into SM particles could be relevant for indirect-detection
signals that arise as cascade final states

xx — ¢p — 4f, 2f +2V, ... (3)
with spectra softer than those from direct annihilation into
SM particles. Moreover, the mediator decays to SM states
with a width o« €2, which can reduce tension with y-ray
bounds from dwarf spheroidal galaxies (see, e.g., [29]).
CMB limits on s-wave annihilation still apply through the
effective efficiency factor f. for the cascade [30,31]. In

Ref. [27] the authors have investigated effects such as the
Sommerfeld enhancement and bound-state formation that
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could significantly enhance the DM indirect-detection sig-
nal. We will briefly discuss this for the first model in
Sec. IVA 3.

Secluded DM thus offers a generic, economical mecha-
nism in which a thermal relic remains hidden from direct,
indirect, and collider experiments by annihilating predomi-
nantly into lighter, metastable mediators. If m, > m, and
€ < 1, the relic density is set by dark-sector dynamics [see
Eq. (2)], while the mediator’s tiny portal coupling only
needs to satisfy 74 < 1 s. This separation of roles naturally
yields models in which collider, direct, and indirect rates
are suppressed by many orders of magnitude with respect to
the WIMP case.

In the remainder of the paper we develop a compre-
hensive study of secluded freeze-out across three minimal
realizations, featuring both fermionic and scalar DM and
scalar/vector mediators. We contrast in detail the WIMP and
secluded regimes, solving the Boltzmann equation with
explicit checks of kinetic and chemical equilibrium. In
particular, we verify that the mediator ¢ in the secluded
regime remains in thermal equilibrium with the SM bath by
solving coupled Boltzmann equations for y and ¢ and find
the portal coupling values for which ¢ decays prior to BBN
and therefore does not spoil light-element abundances. On
the phenomenology side, we confront each model with the
latest constraints—spin-independent limits from LZ [19]
and Fermi-LAT y-ray bounds from dwarf spheroidal
galaxies [29]—and delineate where thermal relics survive
via resonant funnels or genuinely secluded dynamics. We
also determine the portal values that ensure the mediator
stays in thermal contact and decays before BBN.

The paper is organized as follows: Sec. II defines the
details of the three considered models; Sec. III reviews
WIMP and secluded freeze-out with single and coupled
Boltzmann equations and presents the BBN constraints;
Sec. IV reports the combined results for the model param-
eters that satisfy the relic density compared to the bounds
from direct- and indirect-detection; Sec. V includes a
qualitative overview of the possible tests at collider and
cosmological constraints for the model; and finally in
Sec. VI we draw our conclusions.

II. MODELS

In this paper, we consider three minimal BSM DM
scenarios. Throughout, m, denotes the fermionic DM mass,
mg a complex scalar DM mass, mg and m H, scalar mediators,

and m,s vector-boson mass, sometimes called dark photon.

A. Model I: U(1)y with dirac DM, dark photon,
and kinetic mixing

The first model we consider extends the SM with a new
U(1)y group that contains a Dirac DM fermion y, which is
a singlet under SM gauge symmetries, and a massive vector
boson Z'. The Lagrangian added to the SM is

eF/ Bﬂl/
2 B
(4)

where the covariant derivative is D, = 9, + igxgxZ,,, and
ay = g%/(4x) is the dark fine-structure constant with
coupling gx and charge gx. B, is the field-strength tensor
of the hypercharge gauge boson B,,, while F},, gy, and my
are the field-strength tensor, coupling, and mass term of the
new U(l)y gauge boson Z/, respectively. The model
contains a kinetic-mixing term between B, and Z,, propor-
tional to the portal coupling € [32,33]. SM fermions are not
charged under U(1)y, while the DM fermion has ¢% = 1.
Hence, SM fermions acquire an effective coupling to Z),
through kinetic mixing proportional to €.

The fields B, and Z, in Eq. (4) are not canonically
normalized, as the kinetic terms are nondiagonal.
Furthermore, they are not mass eigenstates. After a proper
rotation of the fields (see Ref. [34] for the full calculation),
we obtain the mass eigenstates associated with the photon
Ay, the neutral electroweak boson Z,, and the new gauge
boson Aj, with mass m 4. Therefore, throughout the paper, A’
denotes the dark photon mass eigenstate with mass my/, Z' is
the gauge-eigenstate before diagonalization. Assuming small
kinetic mixing € < 1, the interaction Lagrangian becomes

1 1
2
—— Fl F"™ & —m2, 27 +

‘CD)_((iD_m)() 4 2

Lin ® —eA,Jem = Z,[9277 + gx sin &y
— A, [gxJ% — e€ cos Oy Ty

+ gz (e sin Oy — sin €)J%]. (5)

Here, & z”f“%, §=m? /m%, Oy is the Weinberg angle,
gz = g/ cos By, with g the electroweak coupling constant,
Jem 18 the electromagnetic current, J, is the electroweak
neutral current, and Jy is the U(1)y current defined as
Jy = ¢xr*y. For my < my the mixing between A’ and
J7 becomes negligible (esinfy = siné). Since the new
boson A’ can decay into quarks and leptons through kinetic
mixing [see the second and third terms in the second line of
Eq. (5)], the coupling € is probed by collider experiments,
which place strong upper limits of e <107 for
my €[0.1,70] GeV (see, e.g., [34-36]).

The annihilation channels most relevant for this model
are the following. In the WIMP regime, when m, < my,
the annihilation into SM fermion pairs yy — ff via off-
shell A’ dominates and drives the relic density. A conven-
ient form for the thermally averaged cross section is, in the
nonrelativistic limit s ~4m2(1 + vZ,/4), where v, is the
DM relative velocity,

2 2
Vg1l 3p)

2 (s—m%)*+miI3%°

(6)

<Uvrel>ff ~
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where g, is the effective A’ — ff coupling defined as
gy = eqrecos Oy, q; is the SM fermion electromagnetic

charge, N'Z is the number of colors for the fermion f, and
I'y is the A’ decay width. The cross section is s-wave and
increases significantly when 2m, ~ my, i.e., in the reso-
nance region. The expression in Eq. (6) scales as e*g%.
Current collider constraints are of the order ¢ < 1073 for
my < 70 GeV [35]. Such small values of € do not allow
the DM to reach the relic density with gy ~ 1 away from
resonance. Therefore, taking values of m, > 70 GeV
helps evade collider upper limits on e.

In the secluded regime instead (m, > my), the relic
density is dominated by the process yjy — A’A’ occurring
via t/u-channel exchange, which gives

m2,
g (139"

; (7)

<O-Urel>A’A’ =

) 2
167Tm){ (1 _ ;':2%)2

up to O(1) factors away from threshold. The channel
xy — A’A’ is s-wave for Dirac y with vector couplings; for
Majorana y the leading term would be p-wave. The
annihilation into ZZ, which has the same expression as
Eq. (7) with an additional factor sin* £ and the replacement
my — my, has the same strength as the annihilation into
A’A" only when e ~ O(1).

The nuclear cross section relevant for direct detection
arises from #-channel exchange of A’ and Z between DM
and quarks. We first define the quark-level couplings

(V) (V)

9ymIm ymIma
CM 2 = X u , CM 2 = X , 8
Mgt = B Cl(g) = 2 ()
(V)

where g, is the y — M vector coupling and g, the vector

coupling of M to quark g (with M = A’, Z). The coherent
proton/neutron couplings are

fold®) = Y 2G4 + Ci ()], ©)
fald®) = Y 1Ol +2C (gP)). (10)

For a nucleus with (A, Z) and form factor F(q)? the nuclear
cross section is

2
ohla) =" (2f, () + (A= D APF@P (1)

where p,y is the y-nucleus reduced mass.
Direct-detection experiments typically operate in the

zero—momentum-transfer limit (¢ < my/). In this case and

in the limit m, < my, relevant for the secluded regime, this

simplifies to

2 2
st Hyp (gxqxee cos Oy )
% =, m4 ’

A/

om =0, (12)

so scattering is maximally isospin-violating (proton-only).

B. Model II: DMSimp with scalar S DM
and scalar mediator K

In the second model we consider the addition to the SM of
a scalar mediator K and a scalar DM particle S, which have
masses mpg and mg, respectively. This model is typically
studied within the DM simplified models (DMSimps) frame-
work (see, e.g., [24,37]). The Lagrangian of the model is

1 1
L>0,KK — my|K|* + 5 0uS0"S = Emgs2
mye -
b mgeK? + mydys K + SR + DL TR
Uh

(13)

In the first line of the Lagrangian we report the kinetic and
mass terms for S and K. The second line contains a cubic term
for K, the decay term of the mediator into a DM pair, a
pointlike annihilation term between the DM and the mediator,
and finally the coupling between the mediator and fermions,
which is essentially a Yukawa coupling proportional to the
parameter # and the fermion mass. In this model we take both
S and K to be real scalar singlets under the SM gauge group.
We work directly in the electroweak broken phase and in the
mass eigenstate basis, so Eq. (13) is meant as an effective low-
energy simplified Lagrangian rather than a complete renor-
malizable theory valid above the electroweak scale. In
particular, the interaction between K and the SM fermions
is written in the form o (m/v;,)ffK in order to follow the
minimal-flavor-violation pattern. A fully gauge-invariant
description before electroweak symmetry breaking would
require either higher-dimensional operators or an explicit
mixing between a gauge-singlet scalar and the Higgs doublet,
which, after symmetry breaking, reduce to the structure used
in Eq. (13). Since our phenomenological analysis is per-
formed at energies well below the electroweak scale, we do
not specify a particular ultraviolet completion and simply
parametrize the couplings in the broken phase.

Optionally S may (weakly) mix with the Higgs via
uSHTH + AysS?H™H [38-40]. However, we do not take
this into account for this model; it will be considered in
Sec. IIC.

In the WIMP regime mg < mg, the most relevant
annihilation cross section for the relic density is the one
producing fermions, whose expression in the nonrelativistic
limit s = 4m3(1 + v, /4) is
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m2.3/2
m3AgsPms (1- m_s)
(4m3 — m%)? +Tim

<Gvrel> ;R (14)
" 16757

which is s-wave dominated and helicity suppressed (i.e.,
proportional to m7/mg).

In the secluded regime, instead, the relic-density cross
section is dominated by the annihilation process SS — KK.
The tree-level amplitude of this interaction receives con-
tributions from: (i) the contact term S?K? proportional
to A%, (ii) 7/u-channel exchange of S via mglgg, and
(iii) an s-channel K via mgldgg and mggg. With identical
bosons in the final state, the nonrelativistic leading term is
s-wave and given by

1 my

v ———
<G rel>KK ~ 647[1’}1% m2

where the angle-averaged amplitude is

292
Ay =22 2mgdis mS’lKSngK
0=4ks — >
nmg —

m%  4mi —m% + imglg

(16)

The annihilation cross section into KK is thus proportional
to Ak or A%sg%, depending on which term in Eq. (16)
dominates.

The direct-detection cross section of this model is spin-
independent. Integrating out the mediator K (since
q*> < m%), the Lagrangian in Eq. (13) yields the scalar
operator Lo D msAgsp/(V2v,m%)S* Y, m,gq. Matching
to nucleons gives

gsNN = Z 9 fq +27fTG Z 90>

q=u,d,s QO=c,b.t

Yo=1-> 17 (17)

q=u.d,s

with the usual scalar form factors f{)’ defined by
(N|m,gq|N) = myf}. The effective scalar coupling to a
nucleon N = p, n reads

1 (18)

m

ﬁ N l Z fN 4+ f
2 Un qg=u,d,s

The spin-independent per-nucleon cross section in the limit

g*> — 0 becomes

M Ag g my N 2 )2
W= g Dl 1 5016 ) (19

2rmy vy

mSAKS

fN(C]2> q +m

where py = mgmy/(mg + my) is the reduced mass of the

DM-nucleon system, and »_ _, f(TA;) +2 f%) ~0.3.

C. Model III: U(1)y with dirac DM and a Higgs-mixed
singlet generating m,

Analogously to Model I, we extend the SM gauge group
by an extra Abelian factor U(1)y with gauge boson Z;, and
coupling gy. Here the dark sector contains a Dirac fermion
DM particle y with U(1), charge gy, and a complex singlet
scalar R that mixes with the SM Higgs doublet ® (see, e.g.,
[41]). We allow for kinetic mixing between the two Abelian
field strengths with parameter ¢ but, contrary to what was
done in Model I, we take € so small that kinetic mixing
plays no role in the phenomenology.

Two frequently used charge assignments are the
following:

(i) Vectorlike y under U(1)y: The left- and right-
handed components of the DM particle have the
same charge ¢,, = q,, = q,- A bare Dirac mass
mgyy 1s gauge invariant, and a renormalizable
Yukawa portal —y vy R requires the complex scalar
R to be neutral under U(1)y (g = 0). In this case
U (1) remains unbroken and the Z’ boson cannot
acquire mass via a Higgs-like mechanism.’

(ii) Chiral y under U(1)y: The two y spinors carry
different charges, g,, # q,,- The bare mass term is
therefore forbidden (as for SM fermions) and a
gauge-invariant Yukawa — y,y; ygR + H.c. requires
qr = 4y, — 4,,- Here R can also break U(1)y and
give a Higgs-like mass to Z’. In particular, Z" acquires
amass M, = gyx|qg|vg and the CP-odd phase of R
is the Goldstone eaten by Z'.

In the rest of the paper we consider the vectorlike y case
where Z' may acquire a Stiickelberg mass (no charged
scalar needed).2

The relevant pieces of the model are

1
L= FFm
+)_((lp - m)())( -

€ B
- EF;WB"” + (D”R)‘(D"R) -

(yp;"(;(R + H.c.), (20)

V(®,R)

with the covariant derivative for the new states defined as
D, = 0, —igxqxZ,, and the potential

'The kinetic term (D,R)*(D*R) is typically the one that,
through the Brout-Englert-Higgs mechanism, provides mass to a
gauge boson. However, since gz = 0, D,R = d,R and no mass
term for Z’ emerges from the R Kinetic term.

An alternative to the Higgs mechanism is that the new gauge
boson Z;, acquires its mass via the Stiickelberg mechanism.
Introduce a pseudoscalar axionlike field a that shifts under U(1)y
as a — a+ma(x) when Z, - Z, —d,a(x)/gx. The gauge-
invariant Stiickelberg Lagrangian reads Lg = —1F), F'*+
1(myZ), + 0,a)?, where my is the Stiickelberg mass parameter.
After gauge fixing, a is eaten as the longitudinal mode of Z’,
which thereby acquires the mass m, without a scalar VEV. The
Stiickelberg construction is renormalizable and consistent at the
effective field theory level; see, e.g., [42—44].
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V(®,R) = pu}® ® + u3R'R + 1y (D' ®)?
+ A (R'R)* + Aygr(®'®)(R'R).  (21)

The term y,7xR is a Yukawa interaction between R and the
DM particle. A key advantage of the vectorlike case is that
¥, can be chosen independently of the DM mass m, . In fact,
m, = mg + ypvR/\/Z where m is the bare mass term. In
the minimal chiral case one instead has m, =y ,vg/ V2, s0
m, and y, are related.

Electroweak symmetry breaking and scalar-sector mix-
ing are parametrized as

G* -

p

@ = ('U/z+h+iG° ) R=-—+"—= (22)
73 V2

with v, >~ 246 GeV the vacuum expectation value (VEV)
of the SM Higgs doublet @, and vy the VEV of the singlet
scalar R. The fields G and G are the would-be Goldstone
bosons, absorbed by W+ and Z after electroweak symmetry
breaking. No Goldstone arises from R because U(1)y is
unbroken (gz = 0). In the CP-even basis (&, p) the mass
matrix is

MZ _ < ZAHU% ﬂHR”h”R)
AHR’Uh’UR 2/1R1}%e '
A
tan 20 = —HRUITR (23)

2 bl
/IRUR - llH’Uh

where o is the mixing angle. The mass eigenstates H
(SM-like) and H, (singletlike) are

H cosa sina h
= . ; (24)
H, —sina cosa P

with masses

2 _ 2 2
mH‘Hp = /1th + ARUR

+ \/(ARV% - AHU%V + (AHthUR)z- (25)

Couplings to fermions and DM follow from this rotation.
In particular,

Yp . y
Gyt = 7%sm a, Gyt, = 7%005 a, (26)

Insi = U—hcos a, Gu, 7 =~ P sina,  (27)

and Z' couples to y with g, = gxq,. We do not include
any interaction between Z’' and SM fermions, either via
U(1)y charges or through kinetic mixing e.

In the WIMP regime the dominant channels are y7 — ff
via s-channel H, H e Away from resonances and in the
nonrelativistic limit,

NIy2m? m\ 3/2
(ove)pr =) — f<1‘—’£>
f

2
2rv;, my,

sinacosa

2

sinacosa . (28)

) :
4dmy me—l—lmeFHp

Equation (28) contains the sum over kinematically open
annihilation channel into fermions and it is helicity sup-
pressed by mj% in the s-wave and exhibits resonant enhance-
ment near 2m,, ~ My H,- I'y and FHp are the H and H,
decay widths. Because the amplitude is proportional to
sinacos a, in the small-mixing limit the indirect-detection
constraints from y7 — ff are negligible.

In the secluded regime, if m, > m H, (and/or m, > myz),
annihilations into dark-sector states dominate, e.g., into
H,H, or Z'7"

32
(onea) N yp(cosa)*vl, (1- m—{) 29)
e H ) = 64 mm? my, 4
¥ (1 - zm}()
MZ, 3/2

(9xq)* (1 = 5F)
<Gyrel>Z’Z’ = )(2 A,);z 2 (30)

167[]71)( (1 _ 2_mZ£>

X

where the former arises from #- and u-channel y exchange
and is p-wave suppressed, while the latter is an unsup-
pressed s-wave.

There is also an s-channel diagram contributing to
xx — H,H, whose nonrelativistic form is

1-—2 2
2
<GU 1> ~ i Z e
rel/ s-ch 64775”1)2( i=H,H, 4m§ - m% + imhirh,- ’
1

(31)

where 4, H,H, are the trilinear scalar couplings in the mass
basis (h; € {H,H,}). For indirect detection this s-channel
piece with H, as a mediator typically dominates; however,
the subsequent decay H, — ff is proportional to
Iu, 17 % sina, so for very small mixing even this channel
yields weak indirect constraints.

For the relic density, the p-wave contribution in Eq. (29)
is not strongly suppressed because the DM relative velocity
at freeze-out is v, ~ 0.3. Depending on the mixing angle,
the scalar masses, and y,, the #/u and s-channel pieces
can contribute comparably to the thermally averaged cross
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section. As a rule of thumb, the p-wave term scales as
yy/my, the off-shell s-channel (for m, > my , away from
resonance) scales roughly as y%, /m®, and the interference
between the s and the 7/u channels is proportional to y2 /m}.

Spin-independent scattering off a nucleon N = p, n
receives f-channel contributions from H or H, exchange:

2 2
N KN gx;(highiNN
TN T [ZiH,Hp m? } ’ (32)
my cos o (h; = H),
NN =—fn X 33
9n;NN v Iy { _sina  (h; = H,,), (33)

where uy is the y — N reduced mass and f ~ 0.30, as in
Eq. (18), encodes the nucleon scalar form factors. Putting
the pieces together,

s Mymy[fy costasin’ay, (1 1 )\2 "
N = 2rv? ) G4

which exhibits a cancellation when mg ~my, (“blind
spot”). Therefore, in this model there are two conditions
that can reduce a significantly direct-detection signal:
(1) sina <« 1 and (i) my ~ my . We will investigate in
this paper the first condition that is relevant for secluded
DM models.

III. RELIC DENSITY IN THE WIMP AND
SECLUDED REGIMES

A. Solution of the boltzmann equation in
the standard WIMP case

The cosmic abundance of DM today is tightly constrained
by the Planck measurement QpyA% = 0.120 4 0.001,
which is at the percent level [4]. Therefore, by matching
the DM parameters to the observed Qpy /4> provides one of
the strongest constraints to the BSM phenomenology.

In an expanding Friedmann-Robertson-Lemaitre-Walker
spacetime, the phase-space distribution f,(p) of a DM
particle y obeys the Boltzmann equation

E(o,— Hp - Vp)f)((p) =(| ;(]v (35)

with £ and p the single-particle energy and momentum,
and H the Hubble rate [45,46]. The collision operator C
contains elastic terms (maintaining kinetic equilibrium with
the thermal bath) and annihilation terms (controlling
chemical equilibrium).

For standard WIMP freeze-out one assumes that kinetic
equilibrium holds during chemical decoupling, so that f,
remains proportional to the equilibrium distribution. This is
true for most of the parameter space except very close to
the resonance region, i.e., when m, is about half of the

z
mediator mass (see, e.g., [47] for a detailed discussion).

Under this assumption, Eq. (35) reduces to an ordinary
differential Lee-Weinberg equation describing the evolu-
tion of the DM number density 7,

dn
d—t){ +3Hn, = —<0vM94>T(n)2{ - njeq), (36)

with n, =g, [ (d;Tﬁg f,(p) and the thermal average of the

Mgller velocity-weighted cross section evaluated at temper-
ature T, (ovy, 94>T The Hubble rate in the radiation-

dominated era is given by

87G 72

HZ(T) = ?prad(T)7 prad(T) = %g*(T)T‘" (37)

where g, is the effective number of relativistic degrees
of freedom that contribute to the energy density of the
Universe at a given temperature.

When y is nonrelativistic (f, ¢, « e™%/7), the thermally
averaged annihilation cross section reads [48]

54 /s—4mXK1(\/§/T)avM¢(s) 38)

16Tm, K3(m,/T) '

<6UM¢>T = A:; ds

where K, are modified Bessel functions of the second
kind of order v. In the annihilation cross sections, the
Mgller velocity vy, J Tepresents the relative velocity

between the two DM particles (v,), defined as v, of =

(p1- p2)* —m}/(E\E,), which in the nonrelativistic
limit reduces to the usual relative speed v, =~ |V; — V5|.

It is convenient to rewrite the Lee-Weinberg equation in
terms of the comoving abundance Y =n,/s(T), where
s(T) is the entropy density, and to evolve it as a function of
x=m,/T. Freeze-out approximately occurs at a temper-
ature Ty when the per particle annihilation rate I'y,, =

n,(ovy, ¢>T falls below the Hubble expansion rate H.

For weak-scale WIMPs one typically finds x,=
m,, /Ty ~20-30, with g, ~ 90 relativistic degrees of free-
dom at T';. At this point chemical decoupling sets in and the
comoving abundance approaches its asymptotic value Y,

o \/§:MP1m1<ovrel> 7

(39)

following the standard treatment [45,48]. The present-day
relic abundance then becomes

m,soY 1
27070 51,07 x 10° GeV~! ——L ,
Pc \/EMPI <0-7jrel>

(40)

QDMh2 ~
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with Mp = 1.22 x 10" GeV, today’s entropy density
5o =2.89 x 103 cm™3, and critical density p, = 8.05 x
1074h> GeV*. Matching the observed Qpyh®~0.12
yields the canonical thermal cross section [48,49]

GG @

which serves as a benchmark for WIMP annihilation in the
early universe [50,51].

(0V,) =3 x 10726cm? s

B. Solution of the boltzmann equation
in the secluded regime

When a dark-sector particle ¢ (vector or scalar) is lighter
than the DM state y, m,, > my, the channel yy — ¢¢ opens
and can dominate over annihilations into SM particles,
xx — SMSM. In this secluded regime the dark sector may
chemically decouple from the SM before DM freeze-out, so
one must in general track the abundances of both ¢ and y.
To follow the evolution of dark-sector particles we can
use the following convenient form of the coupled Lee-
Weinberg system for the number densities of the DM and
mediator:

dn n;
P
d—)( + 3Hl’l - <Gvrel> =P < n)2(,eq I’l2—>

<O”Urel> )(—»SM( )2( )2(,eq)’ (42)

dn ng
d{/) +3Hny = +(0Vel) 5 ny = njyeq nzd) )

~Meq)
 Hpeq). (43)

- <avrel> pp—sM\ 1 (

= (Ly)(ny

In the secluded regime the mediator ¢ can stay in
thermal equilibrium with the SM bath, i.e., maintain
chemical and kinetic equilibrium, by the following three
types of processes:

(i) decays and inverse decays, ¢ <> SMSM, with ther-

mally averaged rate

Ky(m ¢/T)

(44)

where Fd, is the ¢ decay width at rest;

(i1) annihilations and inverse annihilations into SM
particles, ¢¢p < SMSM (or ¢p¢p" if ¢ is complex),
with rate

LCann(T) = ”f/;q(T) <5”rel>¢¢—>SM SM> (45)

where ny! is the equilibrium density of ¢;

(iii) elastic scattering, ¢pf <> ¢f, with rate
=2 T

which maintains kinetic equilibrium but does not
change n,.
The 2 — 2 elastic scattering of ¢ with the bath (e.g.,
¢f < ¢f) maintains kinetic equilibrium provided

Zn

If the kinetic equilibrium of ¢ is maintained, its momentum
distribution matches a thermal shape with the bath temper-
ature 7 and the hidden sector shares the bath temperature,
T’ = T. Elastic scattering enters only the kinefic sector, and
it does not change the DM number density; thus, the term
I, does not appear explicitly in Egs. (42) and (43).

Keeping the number density near equilibrium,
Ny =~ Ny 4, additionally requires chemical processes, such
as decay/inverse decay of ¢ and annihilation into SM
particles, to be faster than the Hubble rate H:

(OVrer) bf—hf> (46)

Cepem(T) = (Ty)(T) + "zsq(T) (6Vre1) ppsm sm 2 H(T)
(48)
(where for a complex ¢ one replaces nj)z — ng'n e‘l).3

Thus, elastic scattering alone is not sufficient to keep the
mediator ¢ in thermal equilibrium with the bath; decays/
inverse decays and annihilation/inverse annihilation must
also be included when assessing whether ¢ remains in
equilibrium with the SM bath.

If ¢ remains in thermal contact with the SM bath, i.e.,
with both chemical and kinetic equilibrium, the coupled
Boltzmann system reduces to the single Lee-Weinberg
equation [Eq. (36)] for n,, with

<O—Urel> = <67}rel>;(;‘(—>¢¢ + <6Urel>;(;‘(—>SMv (49)

with the same temperature for the SM and hidden sector.
Subsequent ¢ decays repopulate SM states while leaving
the relic density Qpys? determined by y7 — ¢¢ (provided
late decays do not significantly inject entropy).

In our benchmarks the ¢ decay rate typically exceeds
¢¢ — SM; this holds in all three models. Therefore, the ¢
decay rate is the dominant process that keeps this particle in
the chemical equilibrium (see Fig. 1). The thermally
averaged decay rate scales with temperature as

I ¢ is self—conjugate, a symmetry factor 1/2 can be included
either in the definition of (6v.),,-sm OF as a prefactor of the
corresponding term in Eq. (43). If ¢ is complex and you track n,
and ny;: separately, replace nj — nyn, and likewise for ..
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m,

Iy 2T, T>my,
ram={ 7 " (s
[';(constant), T < my.

Therefore, when the mediator becomes nonrelativistic
the thermally average decay rate becomes constant with
temperature. Since H(T) o T? during radiation domina-
tion,

T > m¢,

-3

<F¢> T, 51

— < (51)
H T2, T < my,

so (I'y)/H grows as the Universe cools. Therefore, if

L7 R

~

(52)

T~m{/)

then (I'y)/H > 1 also at T ~m,/x;, even though n, is
Boltzmann suppressed. Therefore, a sufficient (model-
dependent) condition to control whether ¢ particles are
in equilibrium is that 'y, (7) exceed the Hubble rate at
T ~max(mgy,m,/x;), with x;~20-30 for weak-
scale WIMPs.

If kinetic equilibrium is not maintained [I"y(7'y) SH (T )]
it is still fine to solve a single Boltzmann equation for y, but
the dark sector follows its own temperature 7". If, instead,
also chemical equilibrium is not kept during freeze-out,
the coupled system in Egs. (42) and (43) must be solved. In
the next sections we will report the typical values of the
couplings for which we can assume the particle ¢ is in
equilibrium with the bath.

The processes that produce DM from the mediator, such
as ¢ — yy and ¢p¢p — yj, are not relevant in the secluded
regime (m, > my) to decide whether the particle ¢ is in
thermal equilibrium with the bath. In fact, the decay ¢ — yy
is kinematically forbidden for m, < 2m,, while the anni-
hilation ¢p¢p — y is exponentially Boltzmann suppressed at
T ~ m,, (it requires two energetic ¢’s from the thermal tail to
overcome the threshold 2m,,). Moreover, ¢-to-y conversion
processes only equilibrate the dark sector (y —¢) and
contribute to bath contact only if y itself is in equilibrium
with the SM at the relevant temperature (e.g., via y7 <> ff).
This condition is not satisfied in the secluded regime, where
y does not couple directly to SM fermions.

1. Model I [U(1)y with dirac DM, dark photon,
and kinetic mixing]

For m, > m, the dominant secluded process is
xi = A’A" (via t/u channels) [see Eq. (7)], while A’
maintains equilibrium through kinetic mixing, parametrized
by €, with the hypercharge/EM current.

We show in Fig. 1 the rates I'(T) for the processes that
control the chemical and kinetic equilibrium of the dark
photon A’ with the SM bath, together with the rate that
couples A’ to the DM particle y. We fix m, = 100 GeV,

234 "
10 HD  — ()
10204 T~ma Can o
e Mol e Tan oz
1017 -
— ‘\;? m, =100 GeV, my =10 GeV
0,10+
v S
5104 8
108+ B
105 E
102 LLLE N BN I L LLLLL B B I ) |Illll-:l LB} mITTrTr T L LLLLL B B I )
103 102 10! 10° 107t 1072
T[GeV]
FIG. 1. Rates for the processes that control chemical and kinetic

equilibrium. We show the rate for A’ decay (I'y/) (red solid line),
annihilation into fermions Iy 4., ;7 (orange dot-dashed line), and
elastic scattering I'; (blue dashed line). We also display the rate for
A’A" = yy (green dotted line), the Hubble rate (cyan band), and the
temperature equivalent to the dark photon mass (yellow band).

my = 10 GeV, € =5 x 1078, and gy = 0.034, chosen to
reproduce the observed relic abundance of y.

The annihilation rate involving DM, A’A’ — yy, is not
the dominant contribution for 7 < 10 GeV: in the secluded
case (my < m,) this channel is strongly Boltzmann sup-
pressed at T < m,, and receives support only from the high-
energy tail of the A’ distribution. Its contribution therefore
falls rapidly below T’ ~ m,, and does not control the chemical
contact of A’ with the SM at the temperatures shown.

Below 10 GeV and down to about 0.1 GeV, the elastic
scattering becomes the dominant process, with a rate much
larger than the Hubble one, H(T'). This controls the kinetic
equilibrium of the dark photon with the SM bath, which
is maintained across the relevant temperatures for DM
freeze-out.

As for the processes that give chemical equilibrium, the
decay and inverse decay provide the largest rate, which is
larger than H(T) for T <my. At high temperatures
(T > my/) the thermally averaged decay rate ([y) =
TyK(my/T)/Ky(my/T) is suppressed as (['y)~
Iy (my /2T), while the Hubble rate increases with temper-
ature as H « T?. As the universe cools to 7 < m,, one has
K,/K, = 1,50 (I'y) = 'y (constant) and (I'y/)/H grows,
crossing unity near T ~ m, . This indicates that A’ is not in
chemical equilibrium at very high 7', but it is in chemical
equilibrium with the SM for 7" < my:, which is the most
relevant part for the DM freeze-out that occurs around a
few GeV.

In summary, although A’ is not in chemical equilibrium
at very high temperatures, it recouples near T ~ m, and
remains in both chemical and kinetic equilibrium with the
SM at the epoch of DM freeze-out (T ~ 4 GeV) for the
benchmark shown. Consequently, the relic density can
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be computed by solving the single Lee-Weinberg equation
[Eq. (36)] for n, with T" = T, while A’ subsequently decays
to SM particles without affecting Qpy /2 (absent significant
late entropy injection).

For values of e larger than 5 x 1078 the decay rate
crosses the Hubble rate at temperatures larger than my;
therefore, A’ is already in chemical equilibrium above
T ~ my and certainly throughout freeze-out.

We can now numerically find the minimum value of € for
which A’ is in chemical and kinetic equilibrium. As shown
in Fig. 1, the elastic scattering rate is larger than the
processes that provide chemical equilibrium for 7" between
my and Ty; therefore, if we choose e to keep chemical
equilibrium, we automatically have kinetic equilibrium. For
my > 2m, the most important A’-number-changing proc-
ess is the decay and inverse decay, whose width and thermal
average are

NLQ2 ma m
Ty = elamyy 3-" <1+2 {) ——

f mA/ mA/
Ky (my/T)
Ly)=Ty———. 53
< A> A Kz(mA//T) ( )
Requiring (I'y/) 2 H at T ~ m gives
1.66.,/g, my 1 1/2
ez [FR LT [
§  Mpn(Ki/Ky)l,—
s\ ma 12
~5x 1078 = — . 55
x (80) (10 GeV) (55)

Therefore, for my = 10 GeV a kinetic mixing of order
€ ~5x 1078 is sufficient to keep the dark photon A’ in
chemical equilibrium with the bath as shown in Fig. 1. This
value is much smaller than the upper limits coming from
collider experiments [34,36]. Moreover, as we will see in
Sec. 1V, such small values of the kinetic mixing suppress
significantly the nuclear cross sections that are proportional
to €2 [see Eq. (12)].

2. Model II (DMSimp with scalar DM S
and scalar mediator K)

For mg > my, the secluded process SS — KK controls
freeze-out, while K stays in contact with the SM via its
Yukawa-like coupling  fm,/v),. The K decay width into

fermions is
4m} 3/2
()
mg

where the sum is performed on the decay channels
kinematically open. Demanding (I'x) = H at T ~my

2
(K - ff) = ZNfﬁ

yields the qualitative bound

1.66,/9, 87w,21 1 1
N m% Mpmg K, /K,

N

]1/2
xg=1

14 1 /1GeV\ [1 Gev
~2x106<80) f( © ) L (57)
VNi \ My mg

where N{ = 1 for leptons and N{ = 3 for quarks, and m y 1s
the mass of the heaviest kinematically open fermion
(my < my/2), which maximizes I'(Y — ff).

Elastic scattering Kf <> Kf via the Yukawa y,=
pmy /v, helps maintain kinetic equilibrium. Its momen-

tum-transfer rate scales as Fg(f )

~nMopv) o« yiT =
/}4(:'?—:)4T, up to order-one angular/phase-space factors.
This term should be added to the bath-coupling rate when
testing 'y, = H, but it does not change number densities
because for f <« 1 it is highly suppressed with respect to
the decay rate in Eq. (56).

3. Model III [U(1)y with dirac DM with a Higgs-mixed
singlet that generates m,]

Form, > my ,yx — H,H, is the secluded channel that
dominates the relic-density processes. The mediator H,
couples to the SM through Higgs mixing sin a, and its total
width is well approximated by

FHP [l SinzaFZM(mh g me), (58)

where I'SM is the SM Higgs decay width. The equilibrium
condition at T ~my is then

1.66./gimy,
MPIFEM (m

1 >
sina > jp——
H,) K\/K; lxy,=1

g x 1076 (L) e (T mH, )\ T
80 10 GeV MeV

(59)

Therefore, for a 10 GeV mediator the lower limit for sin
typically corresponds to sina > 2 x 107°, with hadronic
uncertainties near thresholds.

In this model the H,-fermion Yukawa coupling is
v = (mg/v)sina, so the momentum-transfer (elastic) rate
scales as

T)~ Zn;q(T) (o7v) Sin4az (%>4T (60)
/ /

(dominated by the heaviest relativistic fermions, e.g., b, T
near T ~ few—10 GeV). By contrast, the chemical rate from

075003-10



PHENOMENOLOGY OF SECLUDED DARK MATTER IN THREE ...

PHYS. REV. D 113, 075003 (2026)

decays scales only as (I'y ) ~sin*al3™(my )K, /K, so
for small mixing 4. > I'y; elastic becomes comparable
only at much larger sina because of the extra sin’a
suppression.

Therefore, in all three models considered, the dark-sector
mediator or scalar remains in chemical equilibrium for
coupling values to SM particles that are much smaller than
unity. These same couplings also determine the nuclear
cross sections relevant for direct detection. Consequently, in
the secluded regime, one can significantly reduce the size of
these couplings while still ensuring that the dark-sector
mediator or scalar stays in equilibrium with the thermal bath.
This justifies solving the Lee-Weinberg equation, Eq. (36),
by tracking only the evolution of the DM abundance.

We further demonstrate our assumption by comparing
the value of Qpy 4% and the shape of the comoving number
density obtained by solving the coupled Boltzmann equa-
tion in Egs. (43) and (42) for DM and mediator with the one
obtained when using only the single Lee-Weinberg equa-
tion for the DM particle. We employ the micrOMEGAs code
for this task [52-55]. We perform this exercise for the
Model II where we have the scalar mediator K and scalar
DM S. We fix mg = 10 GeV, mg = 100 GeV, gx = 0.8,
and p = 0.05. This choice permits one to reach the
observed relic density for S when solving the Lee-
Weinberg Eq. (36). We obtain a compatible value below
the % level also when following the S and K densities by
means of Egs. (43) and (42). This is due to the fact that with
f =0.05 the mediator K is in thermal and chemical
equilibrium with the bath and so the two approaches must
provide the same result.

We show in Fig. 2 the comoving number density Y as a
function of the temperature for the DM particle S (Y) and
mediator K (Yg). We show also the equilibrium quantity
Y¢q for the two particles. We note that for temperatures
larger than the particle masses Y is basically flat. This is due
to the fact that for relativistic particles n o< 7 as well as the
entropy density s s0 Y¢q = nq/s does not change with 7.
Instead, for 7 < 100 GeV (T < 10 GeV) the DM (media-
tor) particle equilibrium comoving number density
decreases exponentially because it becomes nonrelativistic
and neq o T2 exp (=m/T) s0 Yoy o T3> exp (—m/T).

Yeq is given for a particle with internal degrees of
freedom g by [48,49]

o(r) =" =

) = an g /D). (6D

where K, (x) is the modified Bessel function of the second
kind. Two particles like S and K would naturally have
different Y if they have different masses and internal
degrees of freedom. To overlay one on the other in Fig. 2
and verify that for the choice of the model parameters
the mediator K follows the same Y., as the DM particle,

1072
1074 -
1076 +
> 1078+
10710 4
— = Ys, ms=100 GeV S~ L\
10-12 - Yy, my =10 GeV ,
qu,s ‘.
------ Yeq,k, TEN. ‘_
10_14 T T marrTr T T L LLLELL ] :I T mIrrTrrTrT T
102 10! 10° 1071
T [GeV]

FIG. 2. The comoving number density Y for the DM particle S
and mediator K for Model II when fixing mg = 10 GeV and
mg = 100 GeV; gx = 0.8 and f = 0.05. We are thus in the
secluded regime, and the dominant annihilation channel for
these parameters is SS — KK. We show also the equilibrium Y
for the two particles and the rescaled equilibrium number density
for the particle K (Y¢q ) but rescaled to be directly comparable
with the DM one Y, s.

we can consider the ratio

qu,S(x) o &I‘Z K2<I‘x)
Vo) ok Ko@) (€2)

where r = ;’l’—; In the nonrelativistic regime (x > 1) the

ratio simplifies to

Y
Yeast)  ppematen, (63)
qu,K(x

When we apply the rescaling as in Eq. (62) we obtain that
the equilibrium number density for the DM particle and
the rescaled one for the mediator are approximately the
same. This justifies our assumption of solving the Lee-
Weinberg equation instead of the coupled Boltzmann
equation for S and K.

C. Big bang nucleosynthesis constraints

To avoid spoiling BBN, any metastable dark-sector
mediator present in the early universe must decay well
before the BBN epoch; a conservative requirement appli-
cable to all three models is

15 S1s(T21 MeV)oT,21s!1~6.6x107 GeV,

with a more stringent criterion z,, < 0.1 s often adopted for
hadronically dominated decays or scenarios with signifi-
cant late electromagnetic injection. Below we translate this
into bounds on the portal couplings of our three models.
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1. Model I [U(1)y dirac x with dark photon A’
and kinetic mixing]

Demanding I’y >I'ggy and far above threshold
my > 2my gives
1/2
1 GeV 1
€252x 1071, [—= - 2] . (64)
ma ZfopenNC Qf

where the sum is performed on all the kinematically open
decays into fermions.

2. Model II (DMSimp scalar DM S
with scalar mediator K)

In this model forcing 'y > I'gpy implies

1.0x 107 /1 GeV\ /1 GeV 4m2\ —3/4
pR—— < ),/ <1— zf) . (65)
Nc mf mg my

We should use the heaviest kinematically open fermion f to
obtain the weakest (most permissive) bound.

3. Model I11 [U(1)y dirac x with higgs-mixed singlet H,]

Here Ty = sin®al ;M (my ), where [3M(m) is the SM
Higgs width evaluated at mass m. The BBN condition gives

~8.1x 10711 ,
M (my) M (my,)

(66)

sina 2

which weakens rapidly above hadronic and electroweak
thresholds where 3™ (my; ) grows.

For all the three models, the lower limits obtained for the
portal coupling constants to make the mediator or scalar H ,
to decay before BBN are much smaller than the one
obtained in the previous section to keep them in chemical
equilibrium with the SM bath.

IV. RESULTS

In this section we report the results for the three models

we consider. We impose the following constraints:

(i) Cosmology: The relic abundance should match
Qpph? =~ 0.120 as reported by Ref. [4].

(i1) Direct detection: Nuclear cross sections should be
consistent with the upper limits on DM-nucleus
scattering from LZ [19]. When evaluating the upper
limits for the model parameters using direct detec-
tion (DD) bounds, we assume that DM local density
is 0.3 GeV/cm?.

(ii1) Indirect detection: Annihilation cross sections must
comply with the upper limits on (ov,) from the
combined y-ray analysis of Milky Way dwarf
Spheroidal Galaxies (dSphs) [29].

For each model we generate the associated UFO [56] and

CalcHEP [57] files with FeynRules [58]. We then pass these

model files to MadDM 3.2 [59-61] to compute the prompt
y-ray fluxes used to derive coupling limits from the
combined analysis of dSphs in Fermi-LAT data [29]. In
particular, for the y-ray limits we employ the source spectra
from cosmixs [62,63]. MadbM imports the dSph spectral
energy distributions (SEDs) from Ref. [29] and, for each
choice of model parameters, computes the predicted source
spectrum, taking into account the different annihilation
channels and their relative contributions. It then combines
the predicted spectra with the dSph SEDs to construct the
likelihood profile as a function of the annihilation cross
section, which is subsequently translated into bounds on
the relevant model couplings. We use micrOMEGAs 6.0.4
[52,53,55,64] to evaluate the relic-density and direct-
detection signals.

When deriving the direct-detection constraints, we
assume that the whole DM abundance is provided by a
single species, identified with the particle y. In this case the
differential event rate in a direct-detection experiment,
dR/dE, scales as oyype/m,, where pg denotes the local
DM density. If instead y makes up only a subdominant
component of the cosmological DM, i.e., its relic abundance
corresponds to only a fraction of the total DM density, the
experimental upper limits on the scattering cross section
must be rescaled. In such a scenario, the local density of y is
reduced with respect to po and can be parametrized by

_ Q)(hz
C Qpyh?*’

3 (67)

so that, assuming that y and the rest of the DM cluster in the
same way in the Galaxy, the local density of y is

Po (Z) = &po.

Consequently, the direct-detection limits on og; relevant for
x should be applied to the rescaled quantity £og;. The region
allowed by a given experiment is then obtained by requiring
that the DM mass m, and the model parameter e satisfy

(68)

£osi(my, €) < opxp. (69)
where ol%p denotes the 90% C.L. upper limit reported by
the experiment. In Ref. [22] we explicitly illustrated how
this rescaling affects the direct-detection constraints when
y contributes only a fraction of the observed Qpyh?. The
points where the relic-density curve intersects the direct-
detection bound remain unchanged. Between these two
intersection points, the limits obtained under the assumption
that y accounts for the entire local density p, already lie
above the relic-density curve; in this region, the rescaled
bounds become significantly weaker and do not further
constrain the parameter space. For masses below the first
and above the second intersection point, the direct-detection
limits lie below the relic-density curve; these regions are in
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any case excluded because they would correspond to
Qpyph? > 0.12, independently of the rescaling.

A. Model I [U(1)y with kinetic mixing]

1. WIMP regime

We show in Fig. 3 the results for the WIMP regime, in
which the relic density is dominated by annihilation into SM
fermions via kinetic mixing. We consider m, = 200 GeV
and 1 TeV, scan m, € [10 GeV, 1 TeV], and fix represen-
tative values of the dark gauge coupling gy = {0.1,0.01}.*
For each point we determine the portal coupling e that
reproduces the observed relic density within its experimental
uncertainty [4], and confront it with the LZ spin-independent
limit [19] and with the Fermi-LAT dSphs bound [29].

The relic-density curves exhibit two characteristic dips at
m, ~mz/2 and m, ~m, /2. These arise from s-channel

resonances that enhance y7 — ff near half the mediator
masses (SM Z and dark photon A’), sharply increasing
(o) and thus reducing the e required to achieve
Qpyph? ~0.12. Away from both resonances one typically
needs ¢ = O(0.1-1) to match the relic density, as expected
for GeV—TeV WIMPs and cross sections of the order of
the electroweak strength. Close to the A’ resonance we find
e~ 10"* — 1073, while near the Z resonance we find
€ ~ 107", The smaller values near m, /2 reflect the much
narrower width, I'y» << I'z, which makes the Breit-Wigner
enhancement narrower and taller for A’. The blue relic-
density curves represent a lower bound on the kinetic
mixing allowed by the measured value of Qpyh?. For
smaller values of the €, the DM relic density would exceed
the observed value and is therefore excluded.

For gy = 0.1 and m, = 200 GeV the correct relic density
is obtained over a broad range, m, ~ 20-400 GeV.
Increasing my or lowering gy squeezes the viable region
to narrow windows near the resonances: the neighborhood of
my/2 becomes very thin, while around m,/ /2 one typically
needs m, within ~10%-20% of the resonance (the precise
range depends on gy).

Including the LZ constraint excludes most of the (m,,, €)
plane. The robustly surviving region for all (my,gy)
choices is the A’-resonance funnel, m, ~m, /2, where a
tuning of

=2
0 = < (70)
my

is required, with & ~ 1% for gy = 0.1 and up to & ~ 6% for
gx = 0.01 in our scan.

We also overlay the Fermi-LAT dSphs bounds [29].
Their shape tracks the relic curve because the present-day

*For gy = 107 no point in the scanned range reproduces
Qpyh? ~0.12, so we do not show it in Fig. 3.

annihilation cross section is likewise resonantly enhanced.
Away from my/ /2 and my/2 the indirect-detection limits
are much weaker than LZ, whereas very close to the funnels
they can become competitive and may exclude the most
resonant points.

2. Secluded regime

In the secluded regime we take m, = {1,10} GeV and
proceed as in the previous section. Figure 4 shows the case
my = 10 GeV; the my =1 GeV case is qualitatively
similar. We plot in the (m,, gy) plane the parameter values
that reproduce the observed relic abundance, together with
direct-detection limits recast as upper bounds on gy for
fixed benchmark portal couplings € = 1073, 107, 107, We
fix € to be <1073 because the bounds placed by collider
experiments for my €[0.1,70] GeV probe about these
values (see, e.g., [34-36]).

As expected for the secluded case m, > my, the relic
density is dominantly set by yy — A’A’, so the blue curve is
essentially gy(m,) fixed by the thermal target and is only
weakly sensitive to e. Direct-detection limits scale as
051 x €2g%/m%,; for each benchmark e the LZ bound
therefore translates into an upper limit on gy (dashed
curves), tighter for larger e.

For ¢ > 10~ the direct-detection bound excludes most
masses except for narrow resonant regions (notably near
m, ~my/2, where the s-channel yy — ff rate is reso-
nantly enhanced and the required gy along the relic curve is
reduced). For € <107 essentially the entire mass range
above 10 GeV remains viable without relying on fine
resonance tuning, since the direct-detection limits relax as
o e~ ! at fixed m . Indirect-detection limits from dSphs are
too weak in this € < 10~ regime to constrain the parameter
space shown; the present-day cross section into SM states is
suppressed by the same small portal.

In summary, for 1077 < e < 10~* and m, < 10 GeV, the
observed relic abundance can be obtained with gy =
0(0.1-1) over a wide range of m, 2 10 GeV without
sitting on a resonance. The lower end of this e range also
satisfies the requirement that A’ remain in chemical contact
with the SM at T~ my, and that its decays occur before
BBN (cf. Sec. III C).

3. Sommerfeld enhancement and bound-state formation

If two slowly moving DM particles feel an attractive,
long-range force (from a light mediator), their incoming
two-body wave function is distorted and piles up at short
distances, boosting the short-distance annihilation rate by a
multiplicative factor that for s-wave annihilation can be
written as

_ pO)P
woOF

<6Urel>eff - S(’l)) <Gvrel>07 S (71)
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FIG.3. The (m,, €) values that reproduce the observed relic abundance (blue solid lines). Also shown are the upper limits on € inferred

from the LZ spin-independent WIMP-nucleon bound (green dashed lines) and from Fermi-LAT dwarf-spheroidal y-ray constraints (red
dot-dashed lines). The right panel figures represent a zoom-in of the ones reported in the left columns.

Here (o6v,), is the tree-level (short-distance) annihilation,

while S encodes long-range distortion [65,66].

If the attraction is strong/long-ranged enough to support
hydrogenlike levels, a DM pair can radiatively capture into

a bound state by emitting a mediator (or other light quanta).

The bound state typically decays (annihilates) promptly,
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FIG. 4. We show in this figure the secluded case for Model I
with m/, = 10 GeV. We report the parameters gy and m, for
which DM has the right relic density (blue solid curve) and the
upper limits obtained when fixing different values of e from 107>
and 1073, Finally, we report the upper limits for gy obtained when
fixing € = 10™* from indirect detection (red dot-dashed curve).

Reference [27] reported that Sommerfeld enhancement
and bound-state formation can be relevant for secluded
DM models and for the MeV scale mediator.

When my, 2 m, v, itis customary to consider an attractive
central Yukawa potential

a oo
V(r) = ——Lemsr, (72)
r
with mediator mass my, coupling ag in the attractive
annihilating channel, DM mass m,,, and relative velocity v.
It is useful to define the dimensionless ratios

m v
¢ €, =

(73)

€4 = .
20155

Aeff m)( 7
Three length scales control the behavior: the force range
ry = 1/my, the Bohr radius ag =~ 1/(uaes) ~2/(tem,, ),
and the de Broglie wavelength Agg ~2/(m,v). A necessary
long-range condition for sizable Sommerfeld enhancement
is that the force range is larger than the Bohr radius ry, > ag
that implies

Ny
e, =——<O(1). 74
b Qe , ( ) ( )

If €4 2 1, the interaction is effectively short range and
S~ 1. Near the appearance of zero-energy bound states,
S(v) develops narrow resonances; in the Hulthén approxi-
mation the condition is roughly [66]

Qeff m)( ~ ﬂ.2n2

, =1,2,.... 75
s (75)

A Yukawa potential is considered when the DM de Broglie
wavelength Aqp is larger than ry. In the opposite regime
instead a Coulomb potential is assumed. In the Yukawa
case (Coulomb) the condition ry < Agg (ry > Agg) implies
my 2 m,v (my < m,v) so the mediator can be considered
as massive (massless).

In the U(1)y model reported in this section with DM
particle y and mediator A’, the yy — A’A’ annihilation
channel is attractive and the previous equations apply with
the substitutions ae — ay = gi/47 and my — my. At
m, =100 GeV with ay fixed by yy — A’A" to the
observed relic density, Sommerfeld enhancement is rel-
evant only for my < (0(0.1-0.3) GeV. Instead, bound-state
formation via single A’ emission is kinematically closed
unless my < 0.15 MeV. These mass values for A’ are
consistent with what is found in Ref. [27]. Since in our
paper we consider GeV scale mediators, we do not take
into account Sommerfeld enhancement and bound-state
formation.

B. Model II (DMSimp with scalar DM
and scalar mediator)

1. WIMP scenario

For the second model we follow the same strategy as for
Model I. We first consider the WIMP regime, in which the
relic density is predominantly achieved through DM
annihilation into SM fermions. The parameter  controls
the Yukawa-like coupling of the mediator K to SM
fermions. The coupling Ak, which controls the interaction
terms S?K? and S?K, is fixed to be equal to j.

We show in Fig. 5 two benchmarks, mg = 200 GeV and
mg = 1000 GeV. In each panel we determine the value of
the mediator-fermion coupling  that reproduces the observed
relic density, and we compare it with the direct-detection (LZ)
upper limits and with indirect-detection bounds from dSphs.
Away from the s-channel resonance at mg =~ myg/2, the
required coupling lies in the range f ~ 0.3-5, depending on
mg. As mg approaches my /2, the annihilation cross section
SS — ff is resonantly enhanced, and the coupling needed to
achieve Qpyh? ~ 0.12 drops sharply to f~ 1073 — 1072,

Direct detection excludes a large fraction of the (mg, )
plane. Since the scalar-mediated SI cross section scales as
ost « (BAks)?/m%, the LZ bound translates into an upper
limit on f that weakens as myg increases. For my =
200 GeV only a very narrow region around the resonance
survives the LZ constraint (the DM mass must lie within a
few percent of mg /2 in our scan). For mg = 1000 GeV a
broader allowed region appears on the high-mass side of
the resonance; in our scan the relic curve falls below the
LZ limit for mg well above the resonance (several hun-
dred GeV).

The dSph limits track the shape of the relic curve, both
are enhanced on resonance, but they are otherwise much
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FIG. 5. The results obtained for Model II. The top panels include the WIMP scenario with the values mg and f for which DM has the

right relic density (blue solid lines) compared with the upper limits obtained from LZ (green dashed lines) and dSphs bounds (red dot-
dashed lines). The left (right) panel displays the case with mg = 200 (1000) GeV. The bottom figures show the secluded case with
mg = 10 GeV (100 GeV) in the left (right) panel. We show with a cyan band the unitarity bound for the coupling parameter g, the
curves with values of DM mass, and g that provides the correct relic density (dashed curves) obtained for # = [1073~10""]. Next to
each relic-density curve (dashed lines) we report if the choice of the model parameters are excluded or allowed by LZ bounds. In

particular, the purple curve for each bottom panel represents the maximum value of § permitted by DD limits.

weaker than direct detection and become relevant only very
close to mg /2.

In summary, for mediator masses below the TeV scale
the WIMP region typically requires a degree of tuning near
mp /2 to satisfy LZ, whereas for mg ~ 1 TeV the simulta-
neously allowed region widens (though it still clusters
around the resonance).

2. Secluded regime

We now consider the secluded case, with benchmarks
mg = {1,10,100} GeV and representative values f =
{1071,1072,1073}. The dominant annihilation process
setting the relic density is SS — KK, which receives:
(i) contact S>K? and t/u-channel S contributions o A%,
and (ii) an s-channel K contribution, controlled by the

interaction term ggmyK>, o« A%4g%. Near threshold the
latter often dominates. As in the previous section, the
quartic portal Agg is kept equal to f.

We show in Fig. 5 the relic-density curve in the (mg, gg)
plane. For fixed (mg, f#) the dashed curves show the values
of gx(my) that reproduce Qpyh? ~ 0.12. Next to them we
annotate whether the corresponding spin-independent cross
section is excluded or allowed by the LZ Ilimit. In
particular, we report with a purple dashed curve the
relic-density curve for the choice of f§ that gives a nuclear
cross section similar to the LZ upper limits. In particular,
for mg = 10 (100) GeV the f parameter should be smaller
than about 6 x 10~ (6 x 1072). Since the scalar-mediated
nucleon cross section scales as oy o (Blgs)?/m¥, light
mediators are strongly constrained: for mg = 1 GeV one
needs f < 1073 to evade LZ, but then achieving the relic
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density along the dashed curve forces gx = 103, which is
far beyond the perturbative/unitarity regime.

For heavier mediators the direct-detection bound weak-
ens. At myx = 10(100) GeV, the minimum f compatible
with LZ in our setup is fpin =6 x 1073(6 x 1072). With
these values, the relic curve requires gx 2 2 over the mass
interval shown.

Since we need values gg = 2 to reach the relic density
and being compatible with direct-detection bounds we have
to check if these values violate the unitarity of the theory.
The most constraining perturbative unitarity limit on gg
comes from elastic KK — KK scattering via the cubic
vertex gxmygK>. The tree-level amplitude is

1 1 1
Misit) =2 (ot ), a6)
K

s —m%
which at threshold (s = 4m%, t = u — 0) gives

2
t—m%

1 1 1 5
My =@mi|—s————) ==2g. (77
th = kMg <3m%< m%( m%() 3 gx- (77)
The s-wave partial amplitude is ay = My,/(167); hence,
imposing |Re ag| <1 yields

24
l9x| < ,/?”:3.9, (78)

a robust, mass-independent cap. The cyan band in Fig. 5
shows this limit.

Combining relic density, LZ, and unitarity, we find that
for mg = 10 GeV (100 GeV) a viable region exists with
gx €[1.5,3.9], mg €10, 20] GeV ([100, 200] GeV), while
the myx = 1 GeV case is excluded by the tension between
the LZ bound (which drives f very small) and the unitarity
bound on the large gk then required by relic density. Indirect-
detection limits (dotted line) track the relic curve but are
otherwise subdominant to LZ in the mass ranges shown.

C. Model III [U(1)y, with dirac DM
and higgs-mixed singlet]

In this section we report the results obtained for Model 111
where the DM particle is a Dirac fermion y and there is a new
scalar H ,, which is the one that provides mass to y through
a Yukawa term y,7yR. We fix m}, = 1 TeV, gy = 1, and
Agr = 0.1. These parameters are not that relevant for the
phenomenology of the model.

1. WIMP scenario

In the WIMP scenario the most relevant process that
brings to the DM relic density is the annihilation into SM
fermion pairs through the Higgs-like particles H and H),
with a cross section proportional to y%(sinacos a)? [see
Eq. (28)]. For small values of the couplings (o < 7)

sin a cos a ~ tan 2a/2 so the annihilation cross section into
SM fermions is proportional to y?(tan 2a)?.

In the top panel of Fig. 6 we show the outcome of
the analysis when we fix the H, mass to 1 TeV and
tan (2a) = 0.1. We report the values of the parameter space
m,, — y, that explain the observed value of the relic density.
Values of y, ~ O(0.1-1) are needed away from m,;/2 and
me/ 2. Instead, approaching the resonant regions, much
smaller values of y, of the order of y, ~ O(0.1) are needed
to fit QpyA® = 0.12. The upper limits on the spin-inde-
pendent direct detection are very strong and rule out most
of the parameter space, except for the resonant region
around mpy_ /2 with a needed fine-tune of the DM and H,
masses of the order of 10%.

When using values of tan (2a) smaller than 0.1 the relic-
density curve is even more confined toward the resonant
region around H ,, and for tan (2a) < 1073 it is not possible
to reach the correct DM relic density.

2. Secluded case

In the secluded case and for small mixing angles a, the
DM relic density is set predominantly by annihilations into
H , and Z' pairs. We do not consider indirect detection dSphs
limits because the DM annihilation cross section into H, is
p-wave suppressed; thus, the limits are much weaker than
direct-detection ones. We consider m H, = 10 GeV and

values of tan(2a) between 10~ and 10~'. For this H,
mass, the processes that dominate the relic density for DM
masses up to about my /2 are the f- and wu-channel
annihilations into H,H,, which scale as y?cos*a [see
Eq. (29)]. Therefore, when tan(2a) < 1, cosa=~1 and
the relic density is controlled primarily by y,.

By contrast, the spin-independent nuclear cross section
receives two contributions—from the SM Higgs and
from H,—and is proportional to ylz,(sinacos a)? ~
y3(tan(2a)/2)* for small mixing angles. Consequently,
the LZ constraints on y, become weaker as tan(2a)
decreases.

The central and bottom panels of Fig. 6 show our results.
For tan(2a) > 1073, most of the parameter space yielding
the correct relic density is excluded by LZ. For smaller
values, the direct-detection limits weaken significantly,
scaling as tan?(2a). In particular, reducing tan(2a) by a
factor of 10 relaxes the upper limit on y,, by the same factor.
This implies that for tan(2a) < 10~* most of the parameter
space is allowed by the LZ bounds.

Dark matter can attain the observed relic density across
the full mass range considered in our analysis. In particular,
the coupling y,, required to obtain Qpyh? increases with m,.
This is because the annihilation cross section into H , pairs
decreases with m,, [see Eqs. (29) and (31)]. Therefore, as m

X
grows, (ovyy) #,u, becomes smaller and a larger y, is
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FIG. 6. The top panel shows the values of the parameters m,
and y, that provide the correct value of the DM relic density
(blue solid curve) compared with the upper limits obtained from
the LZ nuclear cross section. We have fixed tan2a = 0.1 and
my, = 1 TeV that represents the WIMP regime for the model
for which DM annihilates predominantly into SM fermions. In
the central and bottom panels we show the same results when

we fix my =1TeV and tan2a = 107" and 107. For these

choices of the model parameters we are in the secluded regime
where DM annihilates mostly into H, pairs.

needed to compensate. Empirically, the trend that reproduces
the correct relic density is approximately y, o mf{, which
lies between the scaling from the #- and u-channels
y, « /Ty see Eq. (29)] and that from the s-channel
[y, = m3; see Eq. 31)].

To conclude, in Model III one can evade direct-detection
bounds by choosing a very small mixing angle, i.e.,
tan(2a) < 107*. For such a, the main process setting the

relic density is yy — H,H ,, with

tan(2a) m 2
~5x 107 4 7
Yp o < 10 ><10 GeV) - (M)

for m, <mz/2, above which annihilation into 77
becomes relevant.

V. POSSIBLE EXPERIMENTAL PROBES FOR
SECLUDED DARK MATTER

In this section we discuss experimental tests for secluded
DM beyond the direct- and indirect-detection strategies
analyzed above. We provide a qualitative overview of
collider, astrophysical, and cosmological probes, and defer
to follow-up work for a quantitative treatment.

A. Collider searches for secluded dark matter

In secluded scenarios the direct-detection signal is often
too weak for present and future experiments because the
portal is tiny, yet several laboratory and cosmological
handles remain powerful. The key point is that direct
detection and colliders scale differently with the portal
couplings, and their backgrounds and kinematics are distinct.

For spin-independent direct detection the (schematic)
event rate scales as

P Py (gxe
RDD OC—)(G;}VN—X( X4) s (80)
m)( m)( m¢

so a heavy mediator (off-shell exchange « 1/ m;‘)) and the
portal entering quadratically drive 03}\, below the neutrino

floor once e < 107 (for a vector portal; analogous
suppressions apply in the other models).

By contrast, at colliders and intensity-frontier experi-
ments, mediators are produced on-shell: the off-shell 1/ m;
suppression is replaced by a Breit-Wigner propagator,
yielding a resonant enhancement near the pole s ~ mi,

myl'y
(s = my)* +myly

Cooll X €2 BR(¢ — X). (81)

In the narrow-width approximation the observable (visible)
signal factorizes

Oyis = Oprod X BRVis x €% X BRvisv (82)
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where BR,;; =T is/I";. On-shell production removes the
1/m;§ penalty and brings a resonant enhancement; the

integrated yield still scales as €’ times the relevant
branching ratio. At s = my, one has oy « €*/(myl'y); if
[y €? (visible-width dominated) the peak yield becomes
approximately portal-independent, while if a dark width
dominates, it scales as €?/Ty.

In secluded models with tiny portals, present-day anni-
hilations in halos occur at v ~ 1073, so s ~ 4mZ(1 + v?/4)
is effectively fixed. To benefit from an s-channel pole one

must satisfy
r, »?
——=| <max —{/),— .

With tiny portals the mediator is ultranarrow, I'y,/m, o
e <1 (e.g., 10710 —107"2 for e ~10™* —107%), while
v?/4 ~2.5 x 1077, Unless 2m,, is tuned to the pole at the
1077 — 10719 level, today’s annihilation is off resonance
and the rate collapses to its suppressed value. In addition,
many secluded leading channels are p-wave ({(6v,y) « v?),
giving another ~107% suppression relative to freeze-out.
Indirect searches must also contend with J-factor uncer-
tainties and astrophysical backgrounds. By contrast,
colliders and intensity-frontier experiments can produce
the mediator on-shell, effectively scan the pole via center-
of-mass energy or parton luminosities, and exploit ultra-
low-background signatures (e.g., displaced decays).

B. Experimental handles beyond direct detection

Even when the portal to the SM is tiny and spin-
independent scattering is far below current or next-generation
sensitivities, several laboratory strategies remain incisive.

Long-lived particle searches. Small portals naturally
yield long mediator lifetimes. Displaced dileptons or lepton
jets at ATLAS, CMS, and LHCb, as well as dedicated
forward detectors such as FASER and proposed surface/
forward facilities (e.g., MATHUSLA), operate in ultralow-
background regimes and retain excellent sensitivity across
the characteristic “lifetime window” where particles decay
within instrumented volumes [70-72].

Exotic Higgs decays. If the mediator (or Higgs-mixed
scalar) is lighter than half the Higgs mass, exotic decays
like h — ¢p¢p — 4f become powerful probes, with prompt
or displaced topologies depending on the portal. These
channels directly constrain Higgs-portal couplings and scalar
mixing angles, independently of the local DM density, and
will be pushed further by the HL-LHC and future lepton
colliders [73].

Intensity-frontier experiments. Fixed-target and beam-
dump facilities (APEX, HPS, LDMX, NA64, SHiP), as
well as high-luminosity e™e™ factories (Belle II), produce
mediators on-shell with clean visible or invisible final

states and modest backgrounds. Their enormous effective
luminosities allow them to probe portal couplings far
below what is accessible at hadron colliders or direct
detection [74-79].

Precision Higgs and electroweak fits. In models with
scalar mixing, Higgs signal strengths are universally
rescaled, enabling global fits to set robust bounds on
the mixing angle regardless of nuclear matrix elements
or astrophysical uncertainties. Current and projected fits
already probe parameter space that is otherwise invisible to
direct searches [80,81].

Astrophysical and cosmological probes. Light mediators
can induce self-interactions that alter small-scale structures
(dwarfs, clusters, strong-lensing substructures), providing
tests that are essentially independent of the SM portal
[82,83]. In addition, if the dark scalar sector undergoes a
strong first-order phase transition, it can source a stochastic
gravitational-wave background within reach of planned
space-based interferometers [84,85]. These avenues are
complementary to laboratory searches and remain inform-
ative even when direct and indirect detection are intrinsi-
cally suppressed.

Indirect detection. If Sommerfeld enhancement or
bound-state formation is active, the present-day annihila-
tion rate can be boosted well above the perturbative
expectation, with a characteristic velocity dependence that
makes low-dispersion targets especially promising. In the
Milky Way and dwarf spheroidal galaxies (v ~ 10~ and
1074, respectively), Sommerfeld enhancement can raise
(o) by factors S ~ 2zag /v in the Coulomb limit or up
to a saturated plateau Sy, ~ aegm,/my for a Yukawa
force; near zero-energy levels, narrow resonances can
further amplify the rate, though still bounded by S,
[65,66]. For secluded models with a dark photon A’ that
promptly decays to SM fermions, the resulting signatures
include: (i) gamma rays from hadronic final states (via
7' = yy) and from inverse-Compton upscattering of
Sommerfeld-enhancement-enhanced e™; (ii) cosmic-ray
e* and p fluxes; and (iii) radio/synchrotron emission
from SE-boosted e® in magnetic fields (see [33] for
overviews). Bound-state formation can further increase
late-time depletion and may add distinctive channels:
radiative capture scales roughly as opspv o« ay/(miv)
in the Coulombic limit, enhancing the signal at low v;
capture or deexcitation typically emits a dark photon that
subsequently decays to SM states, injecting additional
e*/y power [67,68]. Because Sommerfeld enhancement
and bound-state formation also operate at recombination-
era velocities (v ~107%) until Yukawa saturation S,
CMB energy-injection bounds can become very con-
straining for s-wave channels (effectively limiting today’s
boosted (o)), whereas long-lived or invisibly decaying
mediators can shift power to later times and weaken
standard gamma-ray constraints while strengthening cos-
mological/BBN probes [67,68].
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C. CMB constraints and spectral distortions

Energy injected into the primordial plasma after recom-
bination modifies the ionization history and damps CMB
temperature and polarization anisotropies. In the standard
formalism this effect is captured by the parameter
Pann = feit(00re1)/m,, where f.g encodes the energy-dep-
osition efficiency [86]. Planck bounds require p,,, <
few x 1072 cm?s~! GeV~! [16]. In secluded models this
limit is often naturally weak: (i) many dominant channels
are p-wave or otherwise velocity suppressed, so the rate at
recombination (v ~ 1078) is negligible; (ii) when s-wave is
present it is typically off resonance today because the
ultranarrow mediator (tiny portal) makes it unlikely that
2m, sits on the pole; (iii) cascades yy — ¢¢ — SM soften
the spectra and reduce f . [86]. For our benchmarks, CMB
anisotropy limits are therefore typically less constraining
than collider and intensity-frontier searches.

Long-lived mediators can also affect the CMB if they
decay during or after recombination. In our benchmarks the
portal couplings are chosen large enough that ¢ decays well
before BBN, 7y < I s (Sec. I C), i.e., many orders of
magnitude earlier than recombination (f~ 4 x 10° yr).
Consequently, mediator decays do not distort the recombi-
nation history. Only for extremely feeble portals, yielding
74 2 10'2-10" s, would CMB anisotropies and the ion-
ization history be impacted; such parameters are outside the
regimes considered here and are tightly constrained by
cosmology on their own.

CMB 1/ y spectral distortions arise from electromagnetic
energy injection at 10* <z <2x10° [87,88]. In our
benchmarks the mediator decays long before this epoch,
T < ls(z> 10%), so its decay products thermalize and
generate no distortions. Residual annihilation during the
distortion era is also subdominant for the reasons above.
Consequently, COBE/FIRAS limits (||, |[y| <107°) and
projected PIXIE/PRISM sensitivities (|u| ~ 1078 — 107°)
[89,90] are not expected to constrain our parameter space.
By contrast, in ultrafeeble-portal scenarios with lifetimes
approaching the u/y era, spectral-distortion probes would
become powerful and complementary to collider searches.

VI. CONCLUSIONS

We presented a comprehensive analysis of the secluded
DM scenario originally published in Refs. [26,27], in
which the processes that set the relic abundance are
decoupled from those that control the spin-independent
nuclear cross section and indirect-detection annihilation
cross section. The motivation is clear: present direct- and
indirect-detection limits stringently constrain models where
the same portal governs both early universe annihilation
and present-day scattering. In particular, in secluded
models with DM mass m, above a lighter mediator ¢
(or a Higgs-mixed scalar that plays the role of a portal), the
observed relic density is predominantly achieved through

x¥ — ¢¢ within the hidden sector. The portal to the SM can
thus be highly suppressed, naturally evading direct- and
indirect-detection bounds.

We examined three minimal realizations:

(i) Model I [U(1)y with dark photon A']. A new gauge
boson A’ couples to the DM particle y and mixes
kinetically with SM hypercharge boson via a portal
coupling e. In the secluded regime (m, > my), the
relic density is set by yy — A’A’, while spin-inde-
pendent scattering and indirect-detection cross sec-
tion scales as o €2 and can be made negligible.

(i) Model II (scalar DM with scalar mediator K). A
scalar DM S annihilates dominantly into pairs of a
light scalar mediator K through quartic/cubic inter-
actions in the dark sector. The mediator’s Yukawa-
like coupling to SM fermions controls direct and
indirect detection and can be taken small without
affecting freeze-out.

(iii) Model Il (Dirac DM with Higgs-mixed singlet H ).
A singlet scalar H,, mixes with the SM Higgs by an
angle a and couples to Dirac DM via a Yukawa y,,.
For m, > my and small mixing, yy — H,H, sets
the relic density, while spin-independent scattering
is suppressed by tan2a.

Across all three models, choosing portal parameters
below O(1073) renders direct- and indirect-detection con-
straints weak, while the relic density is fixed by hidden-
sector annihilations rather than by DM annihilating into
SM particles. Despite the small portal couplings, the
mediators remain in chemical equilibrium with the SM
bath at freeze-out and the mediator decay into SM fermions
happens well before BBN.

Even with next-generation detectors such as DARWIN
[25] approaching the neutrino floor, large regions of the
secluded parameter space will remain viable. Secluded DM
thus offers robust, economical, and thermal scenarios testable
at collider experiments that evade current and future direct-
detection limits while remaining consistent with cosmology.
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