PHYSICAL REVIEW D 114, LO11701 (2026)

Naturally resonant dark matter from extra dimensions

Taegyu Lee

1 . . 234
* and Yu-Dai Tsai®>>*

lDepartment of Physics, Indiana University, Bloomington, Indiana 47405, USA
*The University of Manchester, Manchester M13 9PL, United Kingdom
3Los Alamos National Laboratory (LANL), Los Alamos, New Mexico 87545, USA
*School of Mathematics and Physical Sciences, University of Sheffield, Sheffield S3 7RH, United Kingdom

® (Received 12 April 2025; accepted 22 April 2026; published 8 July 2026)

We explore the mass-resonance structure that naturally arises in extradimensional models. The
resonance can enhance both dark matter annihilation and self-interactions. We demonstrate such a

resonance structure by considering the fermionic dark matter and dark photon models on an S'/(Z, x Z5)

orbifold. We also note that this model embeds a dark matter axial-vector coupling to the dark photon,
thereby opening up the viable dark matter parameter space. We then present the unique predictions for

direct-detection experiments and accelerator searches.

DOI: 10.1103/tsq1-bhsz

Introduction. Despite overwhelming observational evi-
dence for dark matter (DM) and its profound impact on
particle physics, astrophysics, and cosmology, the detailed
properties of DM remain unknown. More specifically, its
interactions beyond gravity are yet to be discovered. One of
the most compelling DM candidates, which features a
predictive thermal history and interaction strength with
Standard Model (SM) particles, is thermal DM. Currently,
direct-detection and accelerator experiments have explored
a large portion of the parameter space of thermal DM
models mediated through dark photons [1,2], except in
scenarios where an enhancement of annihilation occurs due
to the presence of a Breit-Wigner resonance [3—5]. These
phenomenological mass-resonance models need more
underlying UV theories and theoretical motivations.
Resonant structures are ubiquitous in the Standard Model,
and it has been proposed that DM could exhibit a similar
resonant behavior [6]. Such resonances can have intriguing
implications, including opening up a valid parameter space
by introducing resonance between mediators and DM [4,5].
Furthermore, they can address small-scale structure prob-
lems by introducing self-interactions and resonances among
DM particles [7], which can also affect the self-freeze-out
process [8,9]. While such structures can arise from strongly
interacting sectors or supersymmetry [10], the possibility
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that resonant DM candidates originate from extradimen-
sional theories remains underexplored.

Extradimensional theories were first introduced to unify
gravity and electromagnetism [11], and the development of
string theory later provided a consistent framework for
quantum gravity, wherein extra dimensions are compacti-
fied at scales near the Planck length. Furthermore, to
address the hierarchy problem and the observed weakness
of gravity, models with flat extra dimensions were proposed
[12], followed by warped extradimensional scenarios [13].
Unlike some of these frameworks, where only gravity
propagates in the extra dimensions, the universal extra
dimension (UED) model allows all SM particles to traverse
the extradimensional space [14,15]. In this broad land-
scape, the implications of extra dimensions for resonant
structures, particularly in connection with DM, remain an
area of ongoing investigation.

This work represents one of the first attempts to investigate
resonant structures within extradimensional theories and
their application to DM. Specifically, we explore the reso-
nance structure of DM in the framework of simple Kaluza-
Klein (KK) models that naturally accommodate resonant
behavior. Our model is inspired by the five-dimensional (5D)
UED framework, where the DM and dark photon KK modes
are embedded in an extra dimension compactified on an
S'/Z, or S'/(Z, x Z},) orbifold. Unlike UED [16-19], we
will focus on the scenarios in which only the dark sector
propagates in the extra dimension while the SM is localized
on the 4D spacetime. We demonstrate that this model can
naturally achieve the desired resonance level between DM
and dark photons with minimal fine-tuning, thereby opening
up a new region of parameter space for the kinetic mixing
parameter of invisible dark photons. Additionally, we briefly
discuss the parameter space required to achieve resonance
levels capable of mitigating small-scale structure problems.
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TABLE I. Summary of the boundary conditions imposed on
KK particles.

States y=0 y=nR/2 y =nR

RH singlet fermion Neumann Dirichlet Neumann
LH singlet fermion Dirichlet Neumann Dirichlet
Dark photon (B,) Neumann Neumann Neumann
Dark photon (Bs) Dirichlet Dirichlet Dirichlet

Fermionic dark matter model. Throughout this paper, we
adopt the convention that the coordinates in (3 + 1)
dimensions are denoted by x* (where u =0, 1, 2, 3),
while y represents the fifth extra dimension. The metric
signature used is mostly negative, gyn = (+——— —).
We consider a model that is characterized by the size of the
orbifold, R, with a compactification scale M. = 1/R. This
model consists of a fermion field in addition to the dark
photon gauge field, where these KK modes are compactified
on an S'/(Z, x Z,) orbifold. The matter content of the
model consists of an SU(2), singlet fermion, E(x, y), and a
dark photon (yp), By(x,y), where N = u,5. Each field
obeys specific boundary condition on each boundary point.
A summary of the boundary conditions is presented in
Table I. The Supplemental Material [20] provides further
details on S'/(Z, x Z) and compares the convention used
in this paper with those in the literature, including Ref. [21].
The implications of the conditions are noteworthy. To satisfy
these boundary conditions, dark photons must consist of only
n-even modes, while right-handed (RH) singlet fermions and
left-handed (LH) singlet fermions must consist of only n-odd
modes. Furthermore, we imply the zero-flux condition [22],
$B ,dy = 0, to eliminate the zeroth mode of the gauge field

Bi,()), as follows:

E(x,y) = \/ﬂi gEﬁf”‘”(x) cos <(2”;1)y>

B2 (x) sin (@)] 1)

B,(x,y) = \/;i; Lio; B (x) cos (%)] ,

Bs(x,y) \/;ZR i B2 (x) sin (%) . 2)

The superscript n represents the KK number.

The Lagrangian in (3 + 1) dimensions is constructed by
integrating out the extradimensional coordinate y. The
Lagrangians involving fermions and dark photons are

zR/2 _
co= [ ayliErvye) 3)
0

e, = [ ay(=LByysy —Luzp,ey). @
w= [ D\ TgBun 5mEByBY ). (4)

where By is the 5D field strength tensor of the dark
photon. The covariant derivative acting on the field in the
Lagrangian is given by

DyE = (3y + iQrg By)E. (5)

where B, is the KK dark photon, and Qf and ggs) are the
associated charge and 5D gauge coupling, respectively.
Throughout this work, Qf is set to unity. Here, g(ls) is a
dimensionful quantity in 5D and is related to the dimen-
sionless 4D gauge coupling, g;, by

)
=——, 6
91 \/l_, ( )

where L = zR/2 for the S'/(Z, x Z},) orbifold. The y
matrices and partial derivative operators in 5D are given by

M= (v, ip), (7)
oy = (0, 0,). (8)

The fifth component of the partial derivative, d,, intro-
duces an additional contribution to the mass for each KK
mode, in addition to the bare mass. Therefore, the total
mass of the nth mode for each particle is

n n
my) = 2. 9)

2
m") = m%—kn— (10)

R%¥

at tree level. Here, we assume that a bare mass term for the
fermion is forbidden due to the lack of a Higgs mechanism,
while the dark photon acquires a bare mass through a
different mechanism. The three-point vertex essential for
the resonant structure, EE — yp, is given in Eq. (3). Due to
the structure of the model, chirality-conserving vertices
occur only with B,,, while chirality-flipping vertices occur
only with Bs.

It can be shown that the only stable particle in the model
is E). Given that B®) decays into two electrons, the decay
channels for the remaining particles are as follows:
EQ@nt+l) _y pen-1)Bg(2)+ _, gCn=1)p+o= and B@n+2)
ECn-1) pG)x _, pn-1)g(1) g2)* _, E<2n_1)E(1)€+€_, where
the superscript “*” denotes an off-shell particle.

Resonant structures and interactions with SM. Here, we
briefly discuss the sub-GeV thermal DM, in our model,
that freezes out to produce the correct DM relic abundance.

LO011701-2



NATURALLY RESONANT DARK MATTER FROM EXTRA ...

PHYS. REV. D 114, LO11701 (2026)

2
v

"~ \Mediator

° ¢

FIG. 1. This figure schematically illustrates resonant annihila-
tion of dark matter into Standard Model particles through a dark
photon mediator. The small dots surrounding each particle,
represented by the larger dot, indicate the boundaries of the
(S'/(Z, x Z%)) orbifold. The blue-cyan circles and yellow-
purple oval show the oscillatory behavior of the corresponding
modes near the boundary, taking into account the imposed
boundary conditions. The opaque circles around the dark photon
visually represent the resonance. For clarity, we also include a
simplified graph highlighting the resonant structure.

The interaction with the SM can be achieved through
kinetic mixing between dark photons and SM photons. This
kinetic mixing arises through particles charged under both
U(1),, and U(1),. For instance, if y is a fermion charged
under both U(1),, and U(1),, and behaves as a KK
particle similar to E, then a diagram (shown in Fig. 2)
enables the interaction of DM with the SM. A key feature of
this diagram is the resonance effect during DM annihilation
into SM fermions. To examine the resonance structure in
detail, we must analyze the radiative corrections to the
masses, as these can lead to substantial changes in the mass
spectrum.

Potential resonant self-interactions. Studies have shown
that small-scale structure problems could be mitigated by

FIG. 2. Dark matter interaction with SM.

FIG. 3. A diagram that can lead to resonant structure in the self-
interaction.

introducing self-interactions among DM particles [23].
Additionally, it has been proposed that resonant self-
interacting DM could help reconcile simulation results
with experimental data, thereby reducing existing tensions
[6,7]. Achieving this, however, requires a strong resonance
effect, which may necessitate some fine-tuning of param-
eters. The desired resonance level, e, specified in Eq. (13),
should range between 107® and 107*. This level of
resonance can be achieved, with minimal fine-tuning, when
the 4D gauge coupling g; is less than 0.01. A brief
discussion on small 4D gauge coupling is provided at
the end of the next section. The relevant resonant structure
is illustrated in the diagram in Fig. 3.

Radiative corrections to masses and the level of resonance.
In this section, we discuss the one-loop radiative mass
corrections to the states of interest, B and E(), and
examine how these corrections impact the resonance
structure. General prescriptions for calculating the radiative
corrections in extradimensional models are provided in
Refs. [24-27], and we focus on our special consideration
below. The mass corrections to the states of interest at one
loop level are given by

2\2  gi(3)

1 9 A?
m%m = E (1 + 6477,'2 g% 1nﬂ2> . (12)

We define the “level of resonance”, e [5], as follows:

o (m;;m)z - (2’";50))2
€p = i P . (13)
E(M

A positive value of e (e > 0) corresponds to the case
of an invisible dark photon, while a negative value (e < 0)
corresponds to a visible dark photon. In the Supplemental
Material [20], we discuss and plot the level of resonance as
a function of mpg for fixed A/u, with other parameters set to
g1 =0.1, land /R = 1 GeV. Itis particularly noteworthy
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that, for g; = 0.1, when mp ~ 1/R, the resonance level
remains ez < O(0.1) across a wide range of cutoff scales,
A/u. This feature enables resonance over a large parameter
space while consistently preserving the invisibility of the
dark photon. Compared with the SM U(1) gauge coupling,
g =0.357, both g, =0.1 and g; = 1 represent viable
benchmark choices.

Moreover, very small gauge couplings may be consid-
ered unnatural if the 4D gauge coupling is viewed as a

fundamental parameter. However, in the context of 5D, ggs)

is not a fundamental parameter since it is dimensionful.

This implies that there is no reason to consider 955) ~+/L as
more natural (for a related discussion, see Ref. [28]).

Therefore, one can always select g(ls) and L such that

the 4D gauge coupling, g, = ggs) /V/L, is very small. This
approach further enhances the level of resonance, poten-
tially enabling the realization of resonant self-interacting
DM to help alleviate small-scale structure problems [7].

Resonance freeze-out of the relic abundance. This section
explores the DM parameter space where the mass reso-
nance can be realized as a concrete model. The dark photon
decays invisibly to the dark sector, meaning mg(z) > 2m;5(,).
Therefore, it is sufficient to identify the parameter space
where 0 < ep < 6, where 6 < 0.5, to ensure a sufficient
resonance effect.

Here, we project our model to the experimental con-
straints for the case of invisible dark photons, following
related thermal-target studies of vector-portal dark matter
[29,30]. The 4D Lagrangian that is responsible for the
interaction given in Fig. 2 is given as

LD —gﬁE(l)y"ySE(l)B,(,z) - ZfKeqffy"fB,(,z)
— g,EVySEVBY (14)

where ¢} = g1/V2, k, e, and gy are 4D gauge coupling,
kinetic mixing parameter, electric charge, and U(1),,
quantum number, respectively. The dark fine structure
constant, ap, is constructed from ¢|. Interestingly, the
coupling between DM and dark photon is given by axial
vector coupling. This kind of coupling is general in the
UED model where the first mode of fermion couples to the
second mode of vector boson via axial vector coupling;
see Ref. [15]. This leads to interesting phenomenology that
we highlight at the end of this section. Note that the third
term does not contribute to the annihilation cross section
since the fifth component of the second mode of dark
photon cannot mix with the SM photon. This is because
there is no two-point vertex available between the scalar
field (Bs) and the vector field (SM photon).

We show the detailed calculation of the relic abundance
in the Supplemental Material [20].

Targets for direct-detection experiments. The DM-dark
photon coupling will induce the DM-electron scattering
cross section that can be tested by future direct detection
measurements. We present our model predictions in Fig. 4
using the reference cross section, &,, that has been defined
in Refs. [31,32],

167 . aapk*v?

((m;;(z))z + aPmz)?’

(15)

6, =

where u, po) is the reduced mass of electron and dark
matter and » = 1073 is the typical velocity of DM halo.
Interestingly, we have additional velocity suppression in the
cross section. This is because the interaction between the
dark photon and the DM, in this model, is given by axial
vector coupling, while the effective interaction between the
dark photon and the SM fermions remains as a vector
coupling.

In Fig. 4, we present the naturally resonant dark matter
predictions with different levels of resonances, along with
limits and projections from direct-detection experiments.
The solid black contours shown in Fig. 4 correspond to
parameter points that reproduce the observed total dark
matter abundance. For a dark photon mass of m/, =
100 MeV, which is related to my through Eq. (13), we find
2x 107 < x?> <3 x 1077 over the range of e values
considered. Smaller values of x correspond to smaller
values of ep. The existing limits are from experiments
including DAMIC-M [41], DAMIC-SNOLAB (DAMIC at
SNOLAB, i.e., Dark Matter in CCDs at SNOLAB) [42],
SENSEI [43], Expérience pour DEtecter Les Wimps En
Site Souterrain [44], SuperCDMS [45], CDEX-10 (China
dark matter experiment) [46], DarkSide-50 [47],
XENONIT [48,49], PandaX-II [50], and and from the
energy loss of supernova SN1987A [39]. The supernova
SN1987A bound shown in Fig. 4 should be interpreted only
as a reference. This is because our projections correspond
to ap = 0.04, 0.0004, and a proper, consistent derivation of
the corresponding supernova constraints for this setup
would require a dedicated analysis beyond the scope of
this work. Additionally, we show projected future sensi-
tivities from SuperCDMS-SNOLAB [35], SENSEI and
DAMIC-M [31,33], Oscura [34], DM scattering off of
molecules [36], and HeRALD [37], along with the neutrino
fog specific for silicon detectors [38]. More specifically, our
model, with a minimal level of resonance, may be discovered
by the Oscura experiment or the second generation of
the HeRALD experiment. Furthermore, higher resonance
level scenarios could also be potentially probed by third-
and fourth-generation HeRALD experiments. Accelerator
searches such as Belle I [51], the NA64 experiment at CERN
(NA64) [52], forward liquid argon experiment [53], mini
Beam Dump eXperiment [54], light dark matter eXperiment
[55,56], and proposed millicharged/fractionally charged
particle searches at intensity-frontier facilities [57], and
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FIG. 4. Solid black contours correspond to the projections of the model for different values of e, where e = 1.25 corresponds to the

nonresonant case when m;(z

):3m’E(,J. For ez = 1.25, 0.5, 0.3, we set g; = 1(ap ~0.04) and for ¢z = 0.1, 0.01, we set

g1 = 0.1(ap ~0.0004). The gray-shaded region is the excluded region. We also include projected sensitivities, dashed lines, from
future experiments, including Sub-Electron-Noise Skipper CCD Experimental Instrument (SENSEI) [31], Dark Matter in CCDs at
Modane (DAMIC-M) [33], Oscura [34], super cryogenic dark matter search (SuperCDMS)-SNOLAB (SuperCDMS) [35], DM
scattering off of molecules (CO molecule) [36], and a superfluid helium experiment (HeRALD (helium roton apparatus for light dark
matter)) [37]. The dotted green curve corresponds to the neutrino fog for silicon detectors (Si neutrino fog) [38]. The dotted/dashed gray
curve is the constraint from supernova SN1987A for ap = 0.5/0.005 [39,40]. For SuperCDMS, we present only the projection curve
from the cited paper, but the sensitivity can be extended to higher masses.

LongQuest-inspired inelastic-dark-matter searches [58] can
potentially discover or constrain the DM model we pre-
sented, which is currently not constrained by limits from
BABAR [60], Compact Muon Solenoid [61], NA64, [62],
E137 [63], liquid scintillator neutrino detector [64], and
mini booster neutrino experiment [65].

Acknowledgments. The authors thank Hitoshi Murayama,
Radovan Dermisek, Jonathan Feng, Keith Hermanek,
Manoj Kaplinghat, and Maxim Perelstein for fruitful
discussions. We are especially grateful to Geraldine
Servant and Tim Tait for insightful discussions on universal
extra dimensions and the radiative corrections to KK mode
masses. This research is partially supported by LANL’s
Laboratory Directed Research and Development (LDRD)
program. Y.D.T. thanks the generous support from the
LANL Director’s Fellowship. This research is partially

supported by the U.S. National Science Foundation (NSF)
Theoretical Physics Program, Grant No. PHY-1915005.
This research was supported in part by NSF Grant
No. PHY-2309135 to the Kavli Institute for Theoretical
Physics (KITP). This work was partially performed at the
Aspen Center for Physics, supported by National Science
Foundation Grant No. PHY-2210452. This research was
partly supported by the NSF under Grant No. NSF PHY-
1748958. Y. D. T. is supported by the Dorothy Hodgkin
Fellowship, funded by the Royal Society, United
Kingdom, and appreciates the start-up supports from
the University of Manchester and the University of
Sheffield.

Data availability. The data that support the findings of this
article are available from the corresponding authors upon
reasonable request.

LO11701-5



TAEGYU LEE and YU-DAI TSAI

PHYS. REV. D 114, L011701 (2026)

[1] C. Antel et al., Feebly-interacting particles: FIPs 2022
workshop report, Eur. Phys. J. C 83, 1122 (2023).

[2] J. Lee, F. Takahashi, and Y.D Tsai, Number theory in
quantum physics: Minicharged particles and the Prouhet-
Tarry-Escott problem, arXiv:2603.12320.

[3] D. Feldman, Z. Liu, and P. Nath, PAMELA positron excess
as a signal from the hidden sector, Phys. Rev. D 79, 063509
(2009).

[4] M. Ibe, H. Murayama, and T.T. Yanagida, Breit-Wigner
enhancement of dark matter annihilation, Phys. Rev. D 79,
095009 (2009).

[5] J.L. Feng and J. Smolinsky, Impact of a resonance on
thermal targets for invisible dark photon searches, Phys.
Rev. D 96, 095022 (2017).

[6] Y.-D. Tsai, R. McGehee, and H. Murayama, Resonant self-
interacting dark matter from dark QCD, Phys. Rev. Lett.
128, 172001 (2022).

[71 X. Chu, C. Garcia-Cely, and H. Murayama, Velocity
dependence from resonant self-interacting dark matter,
Phys. Rev. Lett. 122, 071103 (2019).

[8] E. Kuflik, M. Perelstein, N. R.-L. Lorier, and Y.-D. Tsali,
Elastically decoupling dark matter, Phys. Rev. Lett. 116,
221302 (2016).

[9] E. Kuflik, M. Perelstein, N. R.-L. Lorier, and Y.-D. Tsai,
Phenomenology of ELDER dark matter, J. High Energy
Phys. 08 (2017) 078.

[10] C. Cséki, A. Gomes, Y. Hochberg, E. Kuflik, K. Langhoff,
and H. Murayama, Super-resonant dark matter, J. High
Energy Phys. 11 (2022) 162.

[11] Modern Kaluza-Klein Theories, edited by T. Appelquist, A.
Chodos, and P. G. O. Freund (Addison-Wesley, Menlo Park,
1987).

[12] N. Arkani-Hamed, S. Dimopoulos, and G.R. Dvali, The
hierarchy problem and new dimensions at a millimeter,
Phys. Lett. B 429, 263 (1998).

[13] L. Randall and R. Sundrum, A large mass hierarchy
from a small extra dimension, Phys. Rev. Lett. 83, 3370
(1999).

[14] T. Appelquist, H.-C. Cheng, and B. A. Dobrescu, Bounds on
universal extra dimensions, Phys. Rev. D 64, 035002
(2001).

[15] A. Datta, K. Kong, and K. T. Matchev, Minimal universal
extra dimensions in CalcHEP/CompHEP, New J. Phys. 12,
075017 (2010).

[16] G. Servant and T. M. P. Tait, Is the lightest Kaluza-Klein
particle a viable dark matter candidate?, Nucl. Phys. B650,
391 (2003).

[17] G. Bertone, G. Servant, and G. Sigl, Indirect detection
of Kaluza-Klein dark matter, Phys. Rev. D 68, 044008
(2003).

[18] G. Servant and T. M. P. Tait, Elastic scattering and direct
detection of Kaluza-Klein dark matter, New J. Phys. 4, 99
(2002).

[19] G. Servant, Status report on universal extra dimensions after
LHCS8, Mod. Phys. Lett. A 30, 1540011 (2015).

[20] See Supplemental Material at http://link.aps.org/suppleme
ntal/10.1103/tsq1-bhsz for details on the S'/(Z, x Z5)
orbifold conventions, comparisons with conventions in
the literature, and the calculation of the relic abundance
and resonance level.

[21] R. Barbieri, L.J. Hall, and Y. Nomura, A constrained
standard model from a compact extra dimension, Phys.
Rev. D 63, 105007 (2001).

[22] T. Kobayashi, H. Otsuka, M. Sakamoto, M. Takeuchi, Y.
Tatsuta, and H. Uchida, Zero-mode wave functions by
localized gauge fluxes, arXiv:2211.04596.

[23] M. Kaplinghat, S. Tulin, and H.-B. Yu, Dark matter halos as
particle colliders: Unified solution to small-scale structure
puzzles from dwarfs to clusters, Phys. Rev. Lett. 116,
041302 (2016).

[24] A. Freitas, K. Kong, and D. Wiegand, Radiative corrections
to masses and couplings in universal extra dimensions,
J. High Energy Phys. 03 (2018) 093.

[25] H. Georgi, A. K. Grant, and G. Hailu, Brane couplings from
bulk loops, Phys. Lett. B 506, 207 (2001).

[26] M. Carena, T.M.P. Tait, and C.E.M. Wagner, Branes
and orbifolds are opaque, Acta Phys. Pol. B 33, 2355
(2002).

[27] H.-C. Cheng, K. T. Matchev, and M. Schmaltz, Radiative
corrections to Kaluza-Klein masses, Phys. Rev. D 66,
036005 (2002).

[28] Y. Sakamura and Y. Yamada, Natural realization of a large
extra dimension in 5D supersymmetric theory, Prog. Theor.
Exp. Phys. 2014, 093B02 (2014).

[29] P.J. Fitzpatrick, H. Liu, T. R. Slatyer, and Y.-D. Tsai, New
thermal relic targets for inelastic vector-portal dark matter,
Phys. Rev. D 106, 083507 (2022).

[30] P.J. Fitzpatrick, H. Liu, T. R. Slatyer, and Y.-D. Tsai, New
pathways to the relic abundance of vector-portal dark
matter, Phys. Rev. D 106, 083517 (2022).

[31] R. Essig, M. Fernandez-Serra, J. Mardon, A. Soto, T.
Volansky, and T.-T. Yu, Direct detection of sub-GeV dark
matter with semiconductor targets, J. High Energy Phys. 05
(2016) 046.

[32] R. Essig, J. Mardon, and T. Volansky, Direct detection of
Sub-GeV dark matter, Phys. Rev. D 85, 076007 (2012).

[33] N. Castello-Mor (DAMIC-M Collaboration), DAMIC-M
experiment: Thick, silicon CCDs to search for light dark
matter, Nucl. Instrum. Methods Phys. Res., Sect. A 958,
162933 (2020).

[34] B. A. Cervantes-Vergara et al. (Oscura Collaboration),
Skipper-CCD sensors for the Oscura experiment: Require-
ments and preliminary tests, J. Instrum. 18, PO8016 (2023).

[35] M. FE. Albakry et al. (SuperCDMS Collaboration), A strat-
egy for low-mass dark matter searches with cryogenic
detectors in the SuperCDMS SNOLAB facility, in Snow-
mass 2021 (2022), arXiv:2203.08463.

[36] R. Essig, J. Pérez-Rios, H. Ramani, and O. Slone, Direct
detection of spin-(in)dependent nuclear scattering of sub-
GeV dark matter using molecular excitations, Phys. Rev.
Res. 1, 033105 (2019).

[37] S. A. Hertel, A. Biekert, J. Lin, V. Velan, and D.N.
McKinsey, Direct detection of sub-GeV dark matter using
a superfluid “He target, Phys. Rev. D 100, 092007 (2019).

[38] B. Carew, A.R. Caddell, T.N. Maity, and C. A.J. O’Hare,
Neutrino fog for dark matter-electron scattering experi-
ments, Phys. Rev. D 109, 083016 (2024).

[39] J.H. Chang, R. Essig, and S.D. McDermott, Revisiting
supernova 1987A constraints on dark photons, J. High
Energy Phys. 01 (2017) 107.

LO11701-6


https://doi.org/10.1140/epjc/s10052-023-12168-5
https://arXiv.org/abs/2603.12320
https://doi.org/10.1103/PhysRevD.79.063509
https://doi.org/10.1103/PhysRevD.79.063509
https://doi.org/10.1103/PhysRevD.79.095009
https://doi.org/10.1103/PhysRevD.79.095009
https://doi.org/10.1103/PhysRevD.96.095022
https://doi.org/10.1103/PhysRevD.96.095022
https://doi.org/10.1103/PhysRevLett.128.172001
https://doi.org/10.1103/PhysRevLett.128.172001
https://doi.org/10.1103/PhysRevLett.122.071103
https://doi.org/10.1103/PhysRevLett.116.221302
https://doi.org/10.1103/PhysRevLett.116.221302
https://doi.org/10.1007/JHEP08(2017)078
https://doi.org/10.1007/JHEP08(2017)078
https://doi.org/10.1007/JHEP11(2022)162
https://doi.org/10.1007/JHEP11(2022)162
https://doi.org/10.1016/S0370-2693(98)00466-3
https://doi.org/10.1103/PhysRevLett.83.3370
https://doi.org/10.1103/PhysRevLett.83.3370
https://doi.org/10.1103/PhysRevD.64.035002
https://doi.org/10.1103/PhysRevD.64.035002
https://doi.org/10.1088/1367-2630/12/7/075017
https://doi.org/10.1088/1367-2630/12/7/075017
https://doi.org/10.1016/S0550-3213(02)01012-X
https://doi.org/10.1016/S0550-3213(02)01012-X
https://doi.org/10.1103/PhysRevD.68.044008
https://doi.org/10.1103/PhysRevD.68.044008
https://doi.org/10.1088/1367-2630/4/1/399
https://doi.org/10.1088/1367-2630/4/1/399
https://doi.org/10.1142/S0217732315400118
http://link.aps.org/supplemental/10.1103/tsq1-bhsz
http://link.aps.org/supplemental/10.1103/tsq1-bhsz
http://link.aps.org/supplemental/10.1103/tsq1-bhsz
http://link.aps.org/supplemental/10.1103/tsq1-bhsz
http://link.aps.org/supplemental/10.1103/tsq1-bhsz
https://doi.org/10.1103/PhysRevD.63.105007
https://doi.org/10.1103/PhysRevD.63.105007
https://arXiv.org/abs/2211.04596
https://doi.org/10.1103/PhysRevLett.116.041302
https://doi.org/10.1103/PhysRevLett.116.041302
https://doi.org/10.1007/JHEP03(2018)093
https://doi.org/10.1016/S0370-2693(01)00408-7
https://doi.org/10.1103/PhysRevD.66.036005
https://doi.org/10.1103/PhysRevD.66.036005
https://doi.org/10.1093/ptep/ptu114
https://doi.org/10.1093/ptep/ptu114
https://doi.org/10.1103/PhysRevD.106.083507
https://doi.org/10.1103/PhysRevD.106.083517
https://doi.org/10.1007/JHEP05(2016)046
https://doi.org/10.1007/JHEP05(2016)046
https://doi.org/10.1103/PhysRevD.85.076007
https://doi.org/10.1016/j.nima.2019.162933
https://doi.org/10.1016/j.nima.2019.162933
https://doi.org/10.1088/1748-0221/18/08/P08016
https://arXiv.org/abs/2203.08463
https://doi.org/10.1103/PhysRevResearch.1.033105
https://doi.org/10.1103/PhysRevResearch.1.033105
https://doi.org/10.1103/PhysRevD.100.092007
https://doi.org/10.1103/PhysRevD.109.083016
https://doi.org/10.1007/JHEP01(2017)107
https://doi.org/10.1007/JHEP01(2017)107

NATURALLY RESONANT DARK MATTER FROM EXTRA ...

PHYS. REV. D 114, L011701 (2026)

[40] J.H. Chang, R. Essig, and S.D. McDermott, Supernova
1987A constraints on Sub-GeV dark sectors, millicharged
particles, the QCD axion, and an axion-like particle, J. High
Energy Phys. 09 (2018) 051.

[41] I. Arnquist et al. (DAMIC-M Collaboration), First con-
straints from DAMIC-M on sub-GeV dark-matter particles
interacting with electrons, Phys. Rev. Lett. 130, 171003
(2023).

[42] A. Aguilar-Arevalo et al. (DAMIC Collaboration), Con-
straints on light dark matter particles interacting with
electrons from DAMIC at SNOLAB, Phys. Rev. Lett.
123, 181802 (2019).

[43] L. Barak et al. (SENSEI Collaboration), SENSEI: Direct-
detection results on sub-GeV dark matter from a new
skipper-CCD, Phys. Rev. Lett. 125, 171802 (2020).

[44] Q. Amaud et al. (EDELWEISS Collaboration), First ger-
manium-based constraints on sub-MeV dark matter with
the EDELWEISS experiment, Phys. Rev. Lett. 125, 141301
(2020).

[45] R. Agnese et al. (SuperCDMS Collaboration), First dark
matter constraints from a SuperCDMS single-charge sensi-
tive detector, Phys. Rev. Lett. 121, 051301 (2018); Phys.
Rev. Lett. 122, 069901(E) (2019).

[46] Z.Y. Zhang et al. (CDEX Collaboration), Constraints on
Sub-GeV dark matter—electron scattering from the CDEX-
10 experiment, Phys. Rev. Lett. 129, 221301 (2022).

[47] P. Agnes et al. (DarkSide Collaboration), Search for dark
matter particle interactions with electron final states with
DarkSide-50, Phys. Rev. Lett. 130, 101002 (2023).

[48] E. Aprile et al. (XENON Collaboration), Light dark matter
search with ionization signals in XENONIT, Phys. Rev.
Lett. 123, 251801 (2019).

[49] E. Aprile et al. (XENON Collaboration), Emission of single
and few electrons in XENONIT and limits on light dark
matter, Phys. Rev. D 106, 022001 (2022); Phys. Rev. D 110,
109903(E) (2024).

[50] C. Cheng et al. (PandaX-II Collaboration), Search for light
dark matter-electron scatterings in the PandaX-II experi-
ment, Phys. Rev. Lett. 126, 211803 (2021).

[51] W. Altmannshofer et al. (Belle-II Collaboration), The Belle
IT physics book, Prog. Theor. Exp. Phys. 2019, 123C01
(2019); Prog. Theor. Exp. Phys. 2020, 029201(E) (2020).

[52] S.N. Gninenko, D. V. Kirpichnikov, M. M. Kirsanov, and
N. V. Krasnikov, Combined search for light dark matter with
electron and muon beams at NA64, Phys. Lett. B 796, 117
(2019).

[53] L. A. Anchordoqui et al., The forward physics facility:
Sites, experiments, and physics potential, Phys. Rep. 968, 1
(2022).

[54] M. Battaglieri et al., The BDX-MINI detector for light
dark matter search at JLab, Eur. Phys. J. C 81, 164
(2021).

[55] T. Akesson et al., Current status and future prospects for the
light dark matter experiment, in Snowmass 2021 (2022),
arXiv:2203.08192.

[56] T. Akesson et al. (LDMX Collaboration), Light dark matter
experiment (LDMX), arXiv:1808.05219.

[57] L. Bailloeul, M. Citron, Y. Cui, S. Foroughi-Abari, I.
Hwang, F. Li, Y.-D. Tsai, M. X. Liu, K. Gunthoti, and
J.H. Yoo, Dedicated searches for millicharged particles at
intensity-frontier facilities: SpinQuest and SHiP, arXiv:
2512.11027.

[58] Y.-D. Tsai, P. deNiverville, and M. X. Liu, Dark photon and
muon g — 2 inspired inelastic dark matter models at the
high-energy intensity frontier, Phys. Rev. Lett. 126, 181801
(2021).

[59] Y.-D. Tsai, I. Hwang, R. Schmitz, M. Citron, K. Gunthoti,
J. Steenis, H. Jeong, H. Moon, J. H. Yoo, and M. X. Liu,
Proposal for a dedicated search for millicharged and
fractionally charged particles at LANL, Phys. Rev. D
113, 015038 (2026).

[60] J.P. Lees et al. (BABAR Collaboration), Search for invisible
decays of a dark photon produced in ete™ collisions at
BABAR, Phys. Rev. Lett. 119, 131804 (2017).

[61] A. Tumasyan et al. (CMS Collaboration), Search for new
particles in events with energetic jets and large missing
transverse momentum in proton-proton collisions at
/s = 13 TeV, J. High Energy Phys. 11 (2021) 153.

[62] Y. M. Andreev et al., Improved exclusion limit for light dark
matter from e'e™ annihilation in NA64, Phys. Rev. D 104,
L091701 (2021).

[63] B. Batell, R. Essig, and Z. Surujon, Strong constraints
on sub-GeV dark sectors from SLAC beam dump E137,
Phys. Rev. Lett. 113, 171802 (2014).

[64] P. deNiverville, M. Pospelov, and A. Ritz, Observing a light
dark matter beam with neutrino experiments, Phys. Rev. D
84, 075020 (2011).

[65] A.A. Aguilar-Arevalo et al. (MiniBooNE DM Collabora-
tion), Dark matter search in nucleon, pion, and electron
channels from a proton beam dump with MiniBooNE,
Phys. Rev. D 98, 112004 (2018).

LO11701-7


https://doi.org/10.1007/JHEP09(2018)051
https://doi.org/10.1007/JHEP09(2018)051
https://doi.org/10.1103/PhysRevLett.130.171003
https://doi.org/10.1103/PhysRevLett.130.171003
https://doi.org/10.1103/PhysRevLett.123.181802
https://doi.org/10.1103/PhysRevLett.123.181802
https://doi.org/10.1103/PhysRevLett.125.171802
https://doi.org/10.1103/PhysRevLett.125.141301
https://doi.org/10.1103/PhysRevLett.125.141301
https://doi.org/10.1103/PhysRevLett.121.051301
https://doi.org/10.1103/PhysRevLett.122.069901
https://doi.org/10.1103/PhysRevLett.122.069901
https://doi.org/10.1103/PhysRevLett.129.221301
https://doi.org/10.1103/PhysRevLett.130.101002
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1103/PhysRevD.106.022001
https://doi.org/10.1103/PhysRevD.110.109903
https://doi.org/10.1103/PhysRevD.110.109903
https://doi.org/10.1103/PhysRevLett.126.211803
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1093/ptep/ptaa008
https://doi.org/10.1016/j.physletb.2019.07.015
https://doi.org/10.1016/j.physletb.2019.07.015
https://doi.org/10.1016/j.physrep.2022.04.004
https://doi.org/10.1016/j.physrep.2022.04.004
https://doi.org/10.1140/epjc/s10052-021-08957-5
https://doi.org/10.1140/epjc/s10052-021-08957-5
https://arXiv.org/abs/2203.08192
https://arXiv.org/abs/1808.05219
https://arXiv.org/abs/2512.11027
https://arXiv.org/abs/2512.11027
https://doi.org/10.1103/PhysRevLett.126.181801
https://doi.org/10.1103/PhysRevLett.126.181801
https://doi.org/10.1103/4bdh-sd5n
https://doi.org/10.1103/4bdh-sd5n
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1007/JHEP11(2021)153
https://doi.org/10.1103/PhysRevD.104.L091701
https://doi.org/10.1103/PhysRevD.104.L091701
https://doi.org/10.1103/PhysRevLett.113.171802
https://doi.org/10.1103/PhysRevD.84.075020
https://doi.org/10.1103/PhysRevD.84.075020
https://doi.org/10.1103/PhysRevD.98.112004

	Naturally resonant dark matter from extra dimensions
	Acknowledgments. 
	References


