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Abstract: We investigate the effects of dark parton showers on the direct detection of cosmic-ray boosted dark
matter (CRDM), focusing on a dark-photon-mediated model with fermionic dark matter—electron interactions. Us-
ing a Monte Carlo framework to incorporate Sudakov form factors and kinematic dipole recoil schemes, we simu-
late the evolution of the CRDM energy spectrum under dark sector splitting. Our results reveal that dark parton
showering induces an energy-dependent reshaping of the CRDM flux, particularly characterized by a depletion of
the high-energy flux. For a dark matter (DM) mass of 1 keV and a coupling of g, = 3, the CRDM flux can be en-
hanced by up to a factor of 1.12 in the O(10~2 ~ 1) MeV energy range for 2m, < my <1072 MeV, whereas it is sup-
pressed by more than 50% at energies around 100 MeV for m, < 107> MeV. We then translate these effects into ex-
perimental sensitivities for PandaX-4T, Super-Kamiokande, and JUNO. For m, = 10 MeV and g;, = 3, the bounds
on the kinetic mixing parameter € are relaxed by factors of 1.02, 1.6, and 1.4, respectively. Incorporating the ef-
fects of DM parton distribution functions (PDFs) at neutrino detectors alongside dark parton shower effects further
relaxes these bounds.
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I. INTRODUCTION

Dark matter constitutes compelling evidence for
physics beyond the Standard Model (SM) [1-5]. Extens-
ive searches for potential DM signals have been conduc-
ted across various avenues [6—9], including direct
[10—13], indirect [14—16], and collider [17, 18] searches.
In particular, direct detection experiments aimed at ob-
serving nuclear or electron recoils induced by DM scat-
tering have reached the ton-scale with PandaX-4T [19,
20], LZ [21, 22], and XENONnT [23, 24]. However,
these observations have yet to definitively establish the
nature of DM. Due to the limited sensitivity of current de-
tectors to energy depositions below the keV scale, the dir-
ect detection of sub-GeV DM poses significant chal-

lenges.

Current direct detection experiments primarily focus
on halo DM particles characterized by non-relativistic ve-
locities of v, ~ 1073¢c. A promising avenue to probe sub-
GeV DM is by searching for these boosted components.
Astrophysical processes, including primordial black hole
evaporation [25], two-component DM annihilation with
mass hierarchy [26], and DM semi-annihilation [27],
among others [28, 29], can generate boosted DM popula-
tions within the Galactic halo. These (near-)relativistic
sub-components can produce detectable signals in direct
detection experiments, even for DM masses well below 1
GeV, potentially serving as distinctive signatures for DM
discovery. In particular, interactions between DM and
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SM particles inevitably induce scattering between high-
energy cosmic rays (CRs) and DM. These DM up-scatter-
ing processes generate a non-negligible flux of boosted
DM particles via either neutral neutrinos [30—32] or
charged cosmic rays [33—35]. This mechanism allows
even very light DM particles to deposit substantial en-
ergy in the detector [34, 36—50]. The PROSPECT [51],
PandaX [52, 53], CDEX [54], Super-K [55], NEWSdm
[56], and LZ [57] collaborations have analyzed their ex-
perimental data to search for such signals. In particular,
diurnal modulation [37, 58—60] and angular distribution
[61] analyses can help enhance signal sensitivity.

Large-volume neutrino experiments, such as Super-K
[62], DUNE [63], and JUNO [64], situated deep under-
ground, offer an alternative avenue for probing the boos-
ted DM flux. While neutrino detectors typically have
higher energy thresholds for signal electrons compared to
dedicated DM direct detection experiments and therefore
reject a significant portion of DM scattering events, they
compensate via their considerably larger detector
volumes (typically tens to hundreds of kilotons). This en-
ables neutrino experiments to achieve competitive sensit-
ivities to certain DM models, providing complementary
information to traditional direct detection experiments
[35, 65—74].

Most existing studies have explored this possibility
in a model-independent manner, assuming a constant
scattering cross-section between DM and electrons or
protons. However, in UV-complete models, DM interac-
tions with SM particles are mediated by force carriers
[38, 39, 42, 43, 45, 4850, 72]. In the context of CR-
boosted DM, the energy scale of DM-SM particle scatter-
ing significantly exceeds the mass scales of the DM and
mediator particles. This hierarchy between energy scales,
well-known in SM processes, leads to the emergence of
large logarithmic contributions to the differential scatter-
ing cross-section in the presence of a light mediator. Cal-
culating these large logarithms requires resummation
techniques, such as solving the Dokshitzer-Gribov-Lip-
atov-Altarelli-Parisi (DGLAP) evolution equation and
performing parton shower simulations incorporating Su-
dakov form factors [75]. The former effect has been stud-
ied in our previous work [76], where we included the DM
Parton Distribution Function (PDF) to calculate the
CRDM-electron scattering at neutrino detectors. Mean-
while, the spectrum of accelerated DM must be obtained
by convolving the y+e/p — y+e/p scattering process
with subsequent parton showering. While this parton
showering effect is intimately linked to the underlying
properties of the dark sector, its influence on observables
has not yet been investigated in detail in the literature.

This work investigates the production prospects of
boosted CRDM in the context of a simplified electron-
philic dark photon model with fermionic DM. Given a
tiny kinetic mixing, the DM-dark photon coupling domin-

ates over the electron-dark photon coupling. We first con-
sider the CR up-scattering mechanism for DM accelera-
tion. Our analysis incorporates parton shower effects in
the final state of boosted DM, accounting for both the
subsequent decay and splitting of radiated dark photons
into DM particles. We find that the dark parton shower
alters the CRDM flux, with these changes subsequently
reflected in the recoiling electron flux. Depending on the
energy range, the differences in the recoil spectrum can
reach tens of percent. We further investigate the scatter-
ing of boosted DM with atomic electrons in the PandaX
detector, targeting electron recoil energies of O(10) keV.
We also explore the detectability of boosted DM in sever-
al neutrino detectors, including Super-K and JUNO, fo-
cusing on electron recoil energies > O(10) MeV. To
provide a complete picture, the results presented in this
study incorporate both the parton shower effects (which
are its primary focus) and the DM PDF effects investig-
ated in our previous work [76].

This paper is organized as follows. In Sec. II, we cal-
culate the splitting functions with mass effects, which are
crucial for the Monte Carlo simulation of final-state radi-
ation (FSR). In Sec. III, we derive the CRDM flux and
develop the framework for simulating time-like parton
showers. Sec. IV presents the calculation of the boosted
DM scattering cross section with either bound or free
electrons. All relevant results are summarized and dis-
cussed in Sec. V. Finally, we conclude our study in Sec.
Iv.

II. DARK PARTON SHOWER

The dark photon model [77, 78] incorporating a fer-
mionic DM candidate provides a natural extension of the
SM of particle physics to account for the dark matter sec-
tor [79—81]. Under a dark U(1)p, gauge symmetry [82],
the coupling between the dark photon A/, and the DM
particle y,

L2 gpALxy'x, (1)

takes a form similar to the electromagnetic interaction.
Since the nature of the particle and its corresponding in-
teractions have not yet been experimentally observed,
there are almost no constraints on the dark gauge coup-
ling gp, whereas the kinetic mixing parameter is con-
strained [79—81, 83, 84]. The sole constraint on g, arises
from the Bullet Cluster and cosmological structure. We
discuss this in detail in Sec. V.B. Consequently, the dark
gauge coupling gp can be large.

The CRDM may undergo further evolution via final-
state radiation (FSR) if the DM energy and the character-
istic energy scale of the hard process during acceleration
are significantly larger than both the DM and mediator
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A. Dark splitting functions

With a sufficiently large dark gauge coupling, a dark
parton shower inevitably occurs once a dark particle
(either the dark photon or the dark fermion) is produced.
This process can generate a chain of particles [85—94].
Such dark parton showers can yield rich phenomena in
dark matter annihilation by promoting a suppressed p-
wave process into a sizable s-wave one [95], as well as
facilitate possible detection through the dark trident chan-
nel [96]. Furthermore, dark parton showers have been ex-
tensively explored at colliders [97—114].

In the presence of multiple external particles, calcu-
lating the amplitude and cross section using conventional
Feynman diagram methods becomes highly challeng-
ing. One may instead employ parton shower techniques
[75, 115—118] to factorize the entire chain into a series of
1 — 2 splittings. The differential cross section for a hard
process followed by an A — B+ C branching can be fac-
torized as

doxpe = doxa XdPaspec 2

where X represents the additional particles in the final
state of the hard process, excluding particle 4. The term
dP,_p.c denotes the differential splitting function for the
branching process A —» B+ C,

Paope (1 1 &
dzdIn@> ~ N 167 (02— pi2)

2

; 3)

2 ’ Msplit

where z is the energy fraction carried by B and Q? is the
virtuality carried by the intermediate particle 4. The
squared matrix element ’Msplit|2 is calculated using the
amputated Feynman diagram for A — B+ C with on-shell
polarization vectors. The factor N equals 2 for identical
particles B and C, and 1 otherwise.

In the context of a timelike branching process
A — B+ C, we represent the particle momentum as

k2 +7 2+ 2
Pi= (EA,o,o,EA— %) (4a)
od
k2 + m>
Pp= (zEA,kT,o,zEA— TZZEAB), (4b)
k2 + m?
Pc= (ZEA,—kT,O,ZEA - T227EAC> s (4¢c)

where the energy fractions z and z=1-z lie within the
interval (0,1). Assuming that E} is much larger than the

transverse momentum squared k% and the mass squared
m? for i =A,B,C, the corresponding virtualities are de-
rived by neglecting terms of order (k+ or m?)/Ex:

k2 +z7m> + zm?
> _ K B c
Pt == 1T

- Pi=mi. (5

2 _ 2
Py =my,

While particles B and C satisfy the on-shell condition,
particle 4 exhibits a virtuality Q.

The splitting functions for various timelike branching
processes [116] are summarized in Table 1. At a single
vertex, the splitting function is proportional to the dark
fine-structure constant o’ = g7,/4n. Because both the DM
particle y and the dark photon A’ are massive, with
masses m, and my , respectively, the dark photon exhib-
its both transverse (A}) and longitudinal (A}) polariza-
tion states. These splitting functions have been averaged
over the polarizations of the initial particles and summed
over the final states. When calculating splitting functions
that include the longitudinal dark photon mode, it is cru-
cial to omit terms proportional to Q*>-m3 [119]. The
splitting function for the process x/x — x/x + A7, can be
deduced from that for y/y — A%, +x/¢ via the relation

Py pic(z) = Pooscrp(2).

Table 1. Splitting functions involving A’ and y/j.

dPAHB*'C

=P,
A—-B+C dzdinQ? A-+c(2)
, _ B 2a' 0? y
AL - xix+xlx 77@2 — )zmA,zz
—m3,
& s

3 (0 (2+2) +2my)

Ap = XIx+xIX 27 (@2 -m)
—y

XIX = Ay +x/¥ Q;(Q%;)zmi;
X
Xl = Ay +xlt %%( zl;zz_m)z(2+12 —n1/24/1+222>
@my T

B. Final-state parton shower

We compute the FSR evolution using a Monte Carlo
method with a Markov chain governed by the Sudakov
factors of DM y and the mediator A’ [115—118]. The
evolution proceeds as follows:

1. Initialization: We begin at a high virtuality scale
Omax, Which we set equal to the momentum transfer
\/2m,T,, where T, denotes the kinetic energy of the
boosted DM in the hard DM—cosmic ray scattering pro-
cess. In our simulation, we require the DM particle to

possess a kinetic energy T, > T{o% | = (my +ma)*/2m, pri-
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or to the FSR stage. This requirement follows from the
condition Q. > m, +m,, which ensures that the
x — A’ +x splitting is kinematically allowed immedi-
ately after the hard DM—cosmic ray scattering.

2. Sudakov Factor: The logarithmic evolution step is
employed to refine the simulation in the low-virtuality re-
gion. Within the probabilistic framework of the parton

shower, the Sudakov form factor,

InQ3
Ar(Q2; Q1) = exp [_Z /
BC

InQ?

plays a pivotal role. This factor determines the probabil-
ity that a parton 4 does not undergo branching as the vir-
tuality scale Q evolves from Q, to Q;, where Q, > Q.
We also define a low-virtuality cutoff Q,, below which
the parton shower evolution terminates. This cutoff is
typically chosen to be on the order of the dark particle
masses: QOmin =m, +my for the y — A’ +y splitting, or
2m, for the A’ — y + j splitting.

A random number R is drawn from a uniform distri-
bution between 0 and 1. The branching probability,
Pgranch» 18 calculated from the Sudakov factor and the rel-
evant splitting function, integrated over the appropriate
phase space. If R < Pganen, the branching A — B+C oc-
curs; otherwise, the parton continues to evolve to a lower
virtuality scale without branching at this step. This pro-
cedure applies to the determination of both Q? in the cur-
rent step and the energy fraction z in the subsequent step.

3. Branching Kinematics: At each step in the evolu-
tion of O, we compute the probability that parton A
branches into daughter partons B and C (A —» B+ C). The
kinematically allowed range for 2z, denoted by

(Zmin(Q), Zmax (Q)) at a given scale O,

Q%+ iy \/(Q% =iy~ m) = i

202

Zmin(Q) = ’ (7a)

Q41—+ /(0 — iy — LY — dniim?

202

Zmax ( Q) = 2 (7b)

is influenced by the kinematic conditions. This probabil-
ity is given by the splitting function in Eq. (3), with mod-
el-specific details provided in Table 1.

4. Recursive Evolution: If a branching A - B+C
occurs at a virtuality scale Q, the parton shower evolu-
tion continues recursively and independently for both
daughter partons, B and C. Each daughter parton is
treated as a new parent, and the evolution process is re-
peated starting from the scale Q. Angular ordering is im-
plemented by imposing a veto on subsequent branchings:

dIn Q? dz

Zmax(Q) dPsspic(z,0)

dzdln@? |’ ©

Zmin(Q)

[
a splitting is rejected if the opening angle between the
daughter partons is greater than that of the parent split-
ting.

5. Kinematic rearrangement: During the splitting
A — B+C, particle A4 acquires virtuality, violating en-
ergy and momentum conservation. To address this, a di-
pole recoil scheme [120, 121] is employed. In this
scheme, XA is treated as the initial dipole, and the ener-
gies and momenta of both X and A are reset in their cen-
ter-of-mass frame while preserving the center-of-mass
energy. Following this kinematic rearrangement, a boost
transforms the momenta of X, B, and C back to the origin-
al laboratory frame.

C. FSR evolution kernel

Using the numerical simulations described above, we
determine the evolution kernel 7 (EY, E, ) for the FSR pro-
cess. This kernel characterizes the probability distribu-
tion for the energy E, of the final-state y particles pro-
duced by the splitting of an initial CRDM particle with
energy EJ. The average number of y particles produced
following FSR from an initial y with energy E) is given
by

NERED) = [ F(EY, E)dE, . (8)

Furthermore, the final kinetic energy spectrum of the
CRDM nparticles, including the effects of FSR, can be ob-
tained by convolving the initial flux with the evolution
kernel,

do o) o 0
diTj = / d—T))éT (T) +my, Ty+m,)dT, 9)

where dCD)(Z /dT)? represents the initial kinetic energy spec-
trum of the CRDM before FSR, as calculated in Eq. (11).
Note that dd®,/dT, and F(EJ,E,) also include the anti-
DM component. This is because anti-DM particles are
produced via FSR.

The FSR evolution kernels F (Epe SR, E2rFSR) are
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Fig. 1.
mediator masses are indicated in the corresponding plots.

plotted in Figs. 1 and 2 for DM couplings gp =1 and 3,
respectively. As defined in Eq. (8), the evolution kernel
has units of MeV~'. We take the DM mass m, =1 keV
hereafter as a representative value. As the dark photon
mass increases, the minimum value of EY*™FS® required
for FSR to occur also increases, as discussed above."” For
instance, a CRDM particle with an energy of 10 keV can
undergo FSR only if m, < 3.2 keV, whereas the threshold
energy rises to approximately 5 MeV for my =0.1 MeV.
The FSR effects are more significant for larger gp, as
seen by comparing the results in Figs. 1 and 2. Addition-
ally, some plots exhibit blank regions at keV-scale
EX PSR values. This occurs because the integrated num-
ber density over E2" PR in this range is too small, result-
ing in an absence of FSR events in the Monte Carlo simu-
lation.

For each fixed E}*™*"® in the plots, the vertical pro-
file displays the number density as a function of E3"r ™K.
As EX™FSR increases, the density at the upper edge, cor-
responding to EX SR = Epee SR decreases, and the
peak of the distribution gradually shifts to lower E2e "SR,
This behavior indicates that FSR effects become more
significant for higher-energy CRDM particles. Moreover,

1) Here, we use the total energy E v instead of the kinetic energy T)(. The minimum value o
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(color online) The normalized number density of DM particles after FSR for g;, = 1. The DM mass is fixed at 1 keV, while the

the FSR contribution is suppressed as the dark photon
mass my increases. This is evident when comparing the
results for my =0.1 MeV to those with smaller m, : the
EbefreFSR threshold for FSR becomes significantly higher,
and the overall number density after FSR is noticeably re-
duced.

Additionally, we highlight a subtle feature that is not
immediately visible in the plots. This feature occurs in
the parameter space where m, <1072 MeV, EX©eF® s
large (> O(10) MeV), and EX ™SR ~ EpeFSR (e, near
the edge of the plots). In this region, for a fixed E*™ "%,
the number density decreases as my,  increases. This can
be explained by the fact that a relatively heavier dark
photon carries away energy from the initial CRDM
particle more efficiently. This feature is important for un-
derstanding why FSR leads to more significant modifica-
tions of the exclusion bounds for keV-scale dark photons
in detectors like Super-Kamiokande, where the relevant
energy scale is O(100) MeV, as will be discussed in Sec.
V.A.

III. BOOSTED DARK MATTER FROM COSMIC

fE/l;efore FSR is TFSR

18 £ y,min + my.
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mediator masses are indicated in the respective plots.

RAY ACCELERATION

In our simplified model, the dark photon A’ kinetic-
ally mixes with the SM photon. This kinetic mixing in-
duces an effective coupling between the dark photon and
SM fermions, given by [77, 78]:

L5 egamdler'e. (10)

where e parameterizes the kinetic mixing strength. For il-
lustrative purposes, we assume that the dark photon
couples predominantly to electrons. This scenario is
widely adopted in interpretations of the PAMELA and
DAMPE data [122—-131], which reported excesses in the
electron-positron cosmic-ray spectrum. However, incor-
porating couplings to other SM fermions would increase
the boosted dark matter flux, thereby enhancing the dark
parton shower signature central to this work. Our setup is
therefore conservative. The most stringent exclusion lim-
its on the kinetic mixing parameter e arise from stellar
cooling [132] and beam-dump experiments that employ
the "missing energy" technique to probe the invisible de-
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(color online) The normalized number density of DM particles after FSR for g, = 3. The DM mass is fixed at 1 keV, while the

cay of the A’ [133—135]. We address these constraints on
the relevant parameter space in the conclusion (see Refs.
[79—-82] for reviews).

With the dark photon A’ mediating interactions
between the DM particle y and SM particles, non-relativ-
istic halo DM particles can be naturally accelerated by
energetic cosmic rays in the Milky Way [30, 33—35]. Un-
der the assumptions of a homogeneous CR distribution
and an NFW DM halo profile [136, 137] with
P ~0.4 GeVem™ [138, 139], the differential recoil
flux of CRDM is given by [76, 140]

dq)O local o do, d
O D / (T 39 47
dr, m, i

(11)

The CR flux d®,/dTcr is simulated using HelMod-4
[141]. The effective distance D.g =8.02 kpcis determ-
ined by integrating along the line of sight up to 10 kpc
[34]. In the 2-to-2 scattering process, the initial halo DM
is assumed to be at rest, which is a good approximation
given the large momentum transfer. Therefore, the differ-
ential cross section can be expressed as [38, 76],
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doy. 2

2my (m, +Tex)* =T, | (me+my)” +2m, Teg] +m, T?

— o2
dTX = go(fgem)

Moreover, the minimum incoming kinetic energy of a
cosmic electron in Eq. (11) is given in Ref. [38, 76].

L 20y (mem)”

, (13
m, (2mE - T)()2 =

, T
ng:(f—m)li 1

where the + sign corresponds to 7, > 2m, and the — sign
to T, <2m,.

A. Dark matter flux before and after the splitting

The FSR effects can be incorporated into the CRDM
flux calculation using Eqs. (11) and (9), where the FSR
evolution kernel is derived from Monte Carlo simula-
tions.

The upper panels in Figure 3 show the differential
CRDM fluxes including FSR effects for gp =1 (left) and
gp =3 (right). The lower panels display the ratio between
the DM fluxes with and without FSR. The overall flux
scales proportionally to €?; thus, fluxes for other values
of € can be obtained via simple rescaling. Although the
pre-FSR flux (the flux without FSR) is not explicitly
shown, its value can be inferred from the ratios in the
lower panels. In the small T, region, the pre-FSR flux is
suppressed as the dark photon mass m,, increases, where-
as in the large 7, region, it is largely independent of m,. .
Consequently, the DM flux shape flattens as my, in-
creases. This feature is crucial for understanding the im-
pact of FSR.

FSR predominantly depletes the high-energy CRDM
flux through dark photon emission. When kinematically
allowed, the subsequent splitting or decay of these dark
photons produces a significant number of secondary DM
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-
o
>

4r (ZmeTCR + T(%R) (ZmXTX + mf\)2

(12)

particles with lower kinetic energy. Overall, FSR modi-
fies the flux at a given 7, in two competing ways: it re-
duces the energy of DM particles originally at T,, thereby
decreasing the flux at that energy, while simultaneously
producing additional DM particles at T, from the FSR of
higher-energy DM. The net effect at 7, depends strongly
on the shape of the pre-FSR flux. For the energy range of
interest, T, ~ O( keV-MeV), a flatter pre-FSR flux gen-
erally yields a net enhancement after FSR, whereas a
steeply falling pre-FSR flux results in a net suppression.

In the lower panels of Fig. 3, the FSR effects are sim-
ilar for both g, =1 and g, = 3, but the features are more
pronounced for the larger g, value. For larger mediator
masses myu , where the decay A’ — yy is kinematically al-
lowed, FSR yields a slight enhancement of the flux over a
specific 7, range, producing a localized bump. Below
this range, the flux remains largely unchanged, while at
higher energies it is suppressed. Conversely, for smaller
values of m,., the outcome is a net reduction of the flux.
These features, observed for both large and small m,,
arise from three primary factors: the shape of the pre-FSR
dark matter flux, the expansion of the showering phase
space, and the kinematic accessibility of the A’ — yy de-
cay.

To illustrate the impact of these primary factors on
FSR, we examine two benchmark points. The first is
characterized by m, = 0.1 MeV and gp = 3, where the de-
cay channel is open and the kinetic energy threshold for
FSR is T3 ~5 MeV, as explained in Sec. ILB. The
post-FSR flux at 7, <0.1 MeV remains almost un-
changed relative to the pre-FSR flux. This occurs be-
cause, in this region, FSR affects the flux only through
the emission of secondary DM particles from ancestor

gp=3

my =0.0001MeV
—— mu =0.001MeV
—— ma =0.003MeV
—— my =0.01MeV

ma =0.1MeV
106 — my =1MeV

1015
1012

do/dT, [MeV~ cm=2 s71]

0 3
1.1 1.2
1.0 e 1.0
<] =
Sos8 506
06 0.2 e——
‘1073 1072 107! 10° 10* 10?2 10° 1073 102 107t 10° 10t 10? 103
Ty [MeV] Ty [MeV]

Fig. 3.

(color online) The CRDM fluxes including FSR effects (upper panels) and the ratios of the fluxes with FSR to those without

FSR (lower panels) are presented for g, = 1 (left) and g, = 3 (right), respectively. The dark photon mass values are indicated in each

panel. For illustrative purposes, we fix m, = 1 keV and e = 1.
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DM with T,>5 MeV, whose flux is at least 11 times
smaller than that at T, <0.1 MeV. The post-FSR flux at
T, > 65 MeV is reduced compared to the pre-FSR flux
due to the steeply falling spectrum in this regime, where
the depletion of DM from FSR exceeds the contribution
from secondary DM produced by higher-energy DM
particles. Conversely, an enhancement by a factor of up
to 1.08 is observed only within the intermediate energy
range of T, ~ O(1)-0O(10) MeV, owing to the relatively
flat pre-FSR flux in this region. The second benchmark
considers my = 10 MeV and g, =3, which lowers the
threshold to 775X ~0.6 keV. Here, the pre-FSR spec-
trum already falls rapidly throughout the keV scale. Since
DM nparticles with kinetic energies at this scale are now
kinematically permitted to shower, FSR induces a further
reduction of the flux, even for T, at the O(1) keV scale.

Furthermore, examination of the lower right panel for
gp =3 reveals a subtle detail in the high-energy region
(T, >10 MeV). Comparing the results for m, =10~
MeV (blue line), my =107 MeV (green line), and
my =3x107% MeV (grey line), we observe that the FSR
effects are slightly more pronounced for my = 1073 MeV
than in the other two scenarios. This occurs although their
pre-FSR fluxes in this high-energy region are nearly
identical, and their respective 7755 values are negligible
compared to 10 MeV. This phenomenon can be attrib-
uted to two countervailing factors. On the one hand, as
explained in Section II.C, the emission of a more massive
dark photon (1 keV) more effectively softens the energy
of CRDM particles compared to the emission of a less
massive one (0.1 keV). On the other hand, at my =3
keV, the decay channel for a dark photon to decay into a
dark matter pair becomes kinematically accessible, which
mitigates the overall suppression of the flux.

IV. BOOSTED DARK MATTER SCATTERING
WITH ELECTRON

A. Dark matter direct detection experiments

As discussed in recent studies [34, 36—50], direct de-
tection experiments targeting CRDM provide new access
to the low-mass parameter space, whereas traditional
methods focusing on non-relativistic halo DM via keV
electron recoils lack sensitivity to sub-GeV dark matter.
The complete ionization process, in which DM scatters
off a target atom (A4), is described by y +A — y +A* +e.

This process can be simplified to yx(p))+e (p2) —
x(k1)+e (ky) by treating the initial electron as a bound
state and the final electron as free. This simplified scatter-
ing framework has been studied in Ref. [76]. We adopt
the same method and parameterization for the kinematic
phase space. Therefore, the differential cross section with
respect to the electron recoil kinetic energy Tk is given by

do, 20+1 Tlpal . 2
= b ’k ’k
dInT; 1627y E (m. — E)ipil iMpr. 2ol
X [yu(Ip2D)/*dg,,dip2ldg (14)

where E3 and E, represent the binding energy of the
(n,1) electron shell of the atom and the initial DM energy,
respectively. The radial wave function y,(|p2]) in mo-
mentum space for an electron in a xenon atom is taken
from Ref. [142]. The amplitude [iM(p1,ps.ki,ky)| de-
scribes the scattering of DM off a bound electron, with an
effective mass [143] given by mZ; = (m,—E})* —|p2*.
Additionally, g denotes the momentum transfer during
the scattering process. The explicit expression for this
amplitude, along with the integration ranges, can be
found in Ref. [76].

With the post-FSR CRDM flux and the differential
scattering cross section determined, the resulting differen-
tial ionization rate" is given by

dR, oy
mon — N dT N J
din Ty z]: T/ YdIinTy dT, (15

where N7 denotes the total number of target atoms.

B. Neutrino detector - higher threshold

Super-K [62] is a water Cherenkov detector capable
of probing recoil electrons with kinetic energies exceed-
ing 100 MeV. Because of the large momentum transfer
during scattering, the initial-state atomic electron can be
approximated as a free particle at rest. Consequently, the
cross section for the process y(p) + e (p2) = x(ky) + e (k)
becomes

do _ L TR
dInTx 327 |pi| E,m,

Myl (16)

where the amplitude, expressed as a function of the Man-
delstam variables, is given by

1) Here, we assume that the light dark photon (724 < 2m)() decays swiftly into SM particles with a lifetime too short to reach Earth; thus, the contribution to the

ionization rate from dark Compton scattering (A" € — Y €) is not included.
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iMyel® = 27 (€gem)’

2(s(t=2m; = 2m3) + (m +m?)* + 57) +1°

(17

The ionization rate is identical to that given by Eq.
(15), but without differentiating between electrons in dif-
ferent shells:

dRion _

do do
=N, X
dln TR f

“dInTy a7, (18)

The lower limit of the initial DM kinetic energy, T,, in
Eq. (18) is

2 (mexm)”

T >Tmi“5<——m) 1+4/1
X X 2 X m, (ZmX—TR)z

(19)

where the +(—) sign corresponds to Tk > 2m, (Tx < 2m,,).
The explicit derivation of Egs. (16), (17), and (19) can be
found in Ref. [76].

Because the hierarchy between the DM/dark photon
mass and the DM-electron scattering energy scale also re-
mains significant at neutrino detectors, dark matter PDFs
must be considered when calculating ionization rates, as
demonstrated in our previous study [76]. Under the inter-
action in Eq. (1), boosted DM can also generate dark
photon and anti-DM densities, which are determined by
solving the DGLAP equation. All these components con-
tribute to DM-electron scattering. Following the formal-
ism in Ref. [76], the differential cross section is modified
by the PDFs as follows:

dO’ Xmax da_i )
= dx——£(Q, x) O(xE’ — E™") .
dngs =2 ) gl A0 )
(20)

The index i runs over DM (y), anti-DM (), and the dark
photon (A’). The energy fraction x is determined by the
incident DM energy E; and the masses of the dark sector
particles, whereas E™" is governed by the kinematics of
the hard scattering process. As explained in Ref. [76], an

additional correction must be included, in which the in-
1

tegrated parton density Ji(Q,x)dx is interpreted as
the probability of the DM Xﬁgving x=1 (i.e., the DM car-
rying all the initial energy). Further details are provided
in Ref. [76].

In addition to the Super-K detector, this study also

(t—m3)?

[

considers the JUNO detector [64]. Because the electron
recoil energy observed at JUNO is significantly larger
than the binding energy, the corresponding ionization rate
is similarly calculated using Egs. (16)—(19).

C. The recoil spectrum

The electron recoil spectrum arising from CRDM
scattering is calculated using Eq. (15) for the PandaX-4T
detector and Eq. (18) for neutrino detectors, incorporat-
ing the DM flux following FSR.

For the recoil rate calculations, we adopt total
exposures of 198.9 tonne-days (Run0) and 363.3 tonne-
days (Runl) for the PandaX-4T experiment, and 161.9
kiloton-years for Super-K. This normalization enables a
direct spectral comparison with the data reported in Refs.
[144, 145]. For JUNO [64], we calculate the recoil rates
based on an assumed one-year exposure of its 20-kiloton
liquid scintillator target. This scintillator composition cor-
responds to a total of 6.744 x 10* target electrons."”

Figures 4 and 5 depict the electron recoil rates in vari-
ous detectors for CRDM with and without FSR, for gp
values of 1 and 3, respectively. For the PandaX-4T exper-
iment, the recoil rate with a 1 tonne-year exposure is
presented only in the low recoil energy region, as its
measurements are limited to Ey € [0,30] keV. The recoil
rates for the Super-K neutrino detector are shown within
the energy range T €[1,5x10*] MeV. The recoil rates
for the JUNO detector can be obtained by rescaling ac-
cording to the number of target electrons and the expos-
ure time. The dependence of the recoil rates on the dark
photon mass exhibits different behavior in the low and
high recoil energy regions. At low recoil energies Tk, the
rates are strongly suppressed by the dark photon mass
my, especially when the mass term dominates the
propagators involved in the DM scattering off cosmic
rays during acceleration and off target electrons during
detection. This suppression becomes significantly weak-
er at higher Tk. As a result, neutrino detectors with high-
er energy thresholds may offer better sensitivity to
CRDM if the dark photon mediator is relatively heavy.

The FSR effects on the recoil rates can be more eas-
ily seen through the dash-dotted curves in the lower pan-
els of Figs. 4 and 5, which show the ratio of the recoil
rate including FSR to the baseline (excluding both FSR
and PDFs). These effects become more pronounced with
stronger couplings and higher recoil energies. Moreover,
they exhibit strong sensitivity to my . For a lighter dark

1) The mass fractions of carbon and hydrogen in the LAB-based liquid scintillator are approximately 88% and 12%, respectively [64, 146].
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Fig. 4.

(color online) The electron recoil rates in different detectors are shown for three cases: the Baseline (with neither FSR nor PD-

Fs), FSR only, and the Combined scenario, which includes both FSR and PDF corrections. gp is set to 1, and the dark photon mass val-

ues are indicated in each plot. The red and blue curves correspond to the rates for the PandaX-4T experiment with a 1.0 tonne-year ex-

posure and the Super-K experiment with a data-taking period of 2628.1 days, respectively.
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Fig. 5.

(color online) The electron recoil rates in different detectors are shown for three cases: the Baseline (with neither FSR nor PD-

Fs), FSR only, and the Combined scenario, which includes both FSR and PDF corrections. The coupling g, is set to 3, and the dark
photon mass values are indicated in each plot. The red and blue curves correspond to the rates for the PandaX-4T experiment with a 1.0

tonne-year exposure and the Super-K experiment with a data-taking period of 2628.1 days, respectively.

photon, the recoil rates are reduced across the entire Tx
range. For example, with m, =10 MeV and g, = 1(3),
the ratios of the recoil rates with and without FSR are
0.95 (0.72), 0.85 (0.54), and 0.8 (0.43) for Tz =10 keV,
10 MeV, and 100 MeV, respectively, corresponding to
the typical energy scales of the PandaX-4T, JUNO, and
Super-K detectors. For a heavier dark photon, the recoil
rates at PandaX-4T are enhanced at low Tj. As the mass

vio

increases, the enhancement region extends towards high-

er Tx, while the magnitude of the enhancement decreases.
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At high Ty, especially within the typical energy scale of
Super-K, the recoil rates are significantly reduced. For
example, with m, =0.01 MeV and gp = 1(3), the ratios of
the recoil rates with and without FSR are 1.02 (1.08),
0.97 (0.8), and 0.92 (0.59) for T = 10 keV, 10 MeV, and
100 MeV, respectively. These FSR effects are consistent
with the features of the CRDM flux discussed in the pre-

When incorporating the effects of DM PDFs along-

side FSR, the recoil rates undergo a further reduction, as
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illustrated by the solid curves in the lower panels. For a
coupling of gp =1, the magnitude of this suppression is
of the same order as that induced by FSR. However, the
effect becomes significantly more pronounced for gp =3,
with the suppression reaching O(0.01) in the large Tx re-
gime. This is primarily due to numerous splitting pro-
cesses that substantially soften the incident DM spectrum.
These features have been discussed in Ref. [76].

V. PROJECTED SENSITIVITIES

A. Experimental bounds

For the PandaX-4T experiment, the exclusion limits
are derived using a y* analysis [76, 147, 148] of the re-
coiling electron spectrum,

i i i 2
R +Ry —RL, ) @1

f=;< o

where R;, Ry, and R, represent the theoretical predic-
tion for the CRDM-induced recoil rate, background es-
timates, and observed recoil rates in the i energy bin, re-
spectively. In the denominator, o; represents the uncer-
tainty associated with the observed data in the i energy
bin. The summation runs over all 60 energy bins across
both the Run0 and Runl datasets of the PandaX-4T ex-
periment. The observed data, background estimates, and
associated uncertainties are taken from Ref. [144]. Since
the test statistic follows a y? distribution with one degree
of freedom, the exclusion regions corresponding to a 90%
confidence level (C.L.) are determined by applying the
criterion Ay* = x* —xg, >2.71, where x3, is the x* value
for the background-only case [148].

The Super-K experiment conducted a boosted DM
search using electron recoil events with kinetic energies
T > 100 MeV, analyzing data corresponding to a 161.9
kiloton-year exposure [145]. Within the energy range
0.1GeV < Tk < 1.33GeV, the total number of measured
events Ngx was 4042. Following the procedure outlined
in Ref. [35], a conservative upper limit on the DM recoil
rate can be derived by imposing the condition:

fXRX < Ns](, (22)

where ¢ =0.93 represents the signal selection efficiency.
The recoil rate R, is calculated by integrating Eq. (18) for
T above 100 MeV, assuming a total of N, =7.5x10%
electrons and an exposure time of 2628.1 days.

1) A similar constraint is adopted in Ref. [149].

Although the JUNO detector achieves a recoil energy
threshold as low as O(100) keV, the neutrino background
becomes negligible only for recoil energies Ty = 10 MeV.
According to Ref. [64], an estimated O(10) neutrino
events are expected in the region T > 10 MeV for a 170
kiloton-year exposure. A conservative upper limit on the
DM recoil rate is derived by integrating Eq. (18) for Tk
above 10 MeV and requiring this rate to be less than 10
events per year'.

The resulting bounds on the kinetic mixing parameter
€ for gp =1 and gp = 3 are plotted in Fig. 6. The PandaX-
4T experiment sets the most stringent bounds on a light
dark photon compared to those from neutrino detectors.
However, its sensitivity degrades dramatically with in-
creasing dark photon mass, as the recoil rates at lower Tk
are suppressed by the mass term in the propagators. In
contrast, at higher kinetic energies, both the CRDM flux
and the corresponding recoil rates become less sensitive
to m/,. Consequently, Super-K and JUNO, which have
higher energy thresholds, exhibit better sensitivity than
PandaX-4T for heavier m),.

Given the FSR effects on the recoil rates, the ratio of
the €2 bounds with FSR to the baseline (with neither FSR
nor PDFs) is shown in the lower panels of Fig. 6. The in-
clusion of FSR effects tends to relax the bounds by redu-
cing the overall recoil rates. As this reduction is more sig-
nificant at higher recoil energies, the impact of FSR is
most pronounced for the Super-K experiment. As shown
by the blue and yellow lines in the right panel, the bounds
on € are relaxed by factors of 1.6 and 1.4 at m/, =107
MeV for Super-K and JUNO, respectively; these repres-
ent the most significant FSR effects across the entire dark
photon mass parameter space”. As explained in Secs.
II.C and III.A, a heavier dark photon in the mass range
my <1073 MeV can efficiently soften the CRDM flux.
As my increases further, the decay channel of the dark
photon into a dark matter pair opens up, and the avail-
able phase space for shower evolution becomes increas-
ingly restricted, resulting in less significant FSR effects.
Finally, we note that FSR effects can also slightly
strengthen the bounds of the PandaX-4T experiment, es-
pecially for m) »3x10 MeV and gp =3, where the
CRDM flux is enhanced at 7, ~ O(10) keV, as shown by
the grey line in Fig. 3.

Upon incorporating the DM PDF effects alongside
FSR, the exclusion bounds are further relaxed, as illus-
trated by the solid curves in the lower panels. For a coup-
ling of gp =1, the magnitude of this relaxation is of the
same order as that induced by FSR alone. However, the
PDF effect becomes dominant for g, = 3.

Finally, we briefly comment on the effect of increas-

2) Since we did not sample more dark photon masses between 1 keV and 3 keV, it is difficult to pinpoint the precise mass value at which the FSR effect is most sig-

nificant.
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Constraints on 2 (gp = 1)
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JUNO —— Combined
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Fig. 6.

Constraints on €2 (gp = 3)

—— PandaX-4T ==- Baseline
—— Super-K —-+ With FSR
JUNO —— Combined

(color online) The constraints on the kinetic mixing parameter e derived from the PandaX-4T, Super-K, and JUNO experi-

ments are shown for g, = 1 (left) and g, = 3 (right). The dashed, dot-dashed and solid curves follow the same convention as in Figs. 4

and 5. The lower panels show the ratios of the corresponding bounds on € to the baseline bounds.

ing the DM mass m,. First, as shown in our previous
work [76], increasing the DM mass reduces the pre-FSR
flux values, steepens the decline of the flux curve, and
decreases the sensitivity of direct detection experiments."
The second feature implies that a net enhancement of the
flux after FSR becomes more difficult, as explained in
Sec. III.A. Overall, increasing the DM mass relative to
the keV-scale DM adopted in this paper will suppress the
FSR effects on the recoil spectrum at the DM detectors
we consider. To elucidate this, we introduce a useful ap-
proximation: for a rapidly falling CRDM flux spectrum,
the FSR effects on the recoil rate at T can be effectively
understood through the corresponding effects on the
CRDM flux at 7, of the same order as Tk. This is be-
cause the recoil rate of electrons with kinetic energy Ty is
dominated by scattering processes where the initial
CRDM carries a kinetic energy 7, of the same order as
Tr, whereas contributions from more energetic CRDM
are strongly suppressed by the flux. With this approxima-
tion, it becomes clear why the FSR effects at DM detect-
ors are suppressed for DM masses heavier than our
baseline keV-scale choice. First, ;3% increases with m,
and can easily exceed the recoil energy scale of the
PandaX-4T experiment (O(10) keV). For instance, m, = 1
MeV leads to 7}5%, 2 0.5 MeV. Therefore, FSR effects on
the CRDM flux at the O(10) keV T, scale are
negligible”, resulting in negligible FSR effects at the
PandaX-4T experiment. Second, the hierarchy between
the maximum evolution variable Q. (proportional to
\my, as shown in Sec. I.B) and m, gradually dimin-
ishes as m, increases. This hierarchy is the key frame-
work for analyzing FSR. For T, at the O(10) MeV
scale—the typical recoil energy scale at neutrino detect-

ors—the hierarchy becomes even weaker. For instance,
with m,=1 MeV and T7,=10 MeV, the ratio
Omax/m, = 4.47, whereas this ratio is 141 for m, =1 keV
(our baseline choice). The limited evolution space im-
plies that MeV-scale DM exhibits much weaker FSR ef-
fects (relative to keV-scale DM) on the CRDM flux at
T, ~O(10) MeV, consequently leading to significantly
weaker FSR effects on the recoil spectrum at neutrino de-
tectors.

B. Constraints from the dark matter self-interaction

A light mediator and substantial coupling lead to
significant DM self-scattering. The corresponding cross
section is constrained by observations, including the Bul-
let Cluster [150—153], and cosmological simulations of
self-interacting DM on galactic and galaxy cluster scales
[154, 155].

In the present framework, DM self-interactions are
mediated by the dark photon. In the non-relativistic limit,
scattering between y and y is governed by the attractive
Yukawa potential V(r)=—-a’e™"/r, derived from the
coupling term in Eq. (1) with o =g3/4n. The corres-
ponding scattering amplitude is given by

fO) = 11(1;(2” 1)e* Py(cos ) sin ;. 23)

Here, 6, denotes the phase shift for the /-th partial wave,
obtained by solving the Schrodinger equation with the
Yukawa potential V(r). The momentum parameter £ is
defined as k =m,v/2, where v denotes the relative velo-
city between y and y. Because the total scattering cross

1) These behaviors are not significant when the dark photon is heavy, e.g., O( 1) MeV. However, we are not interested in the parameter space where both dark mat-

ter and dark photon are heavy, as the FSR effects are weak in this regime.

2) This is because DM in this low-energy band (T)( ~ 0(10) keV) is kinematically forbidden from participating in FSR, and the number of new particles emitted

into this band by high-energy (TX > 0.5 MeV) DM is negligible compared to the original population. Such behavior was demonstrated in Sec. IIL.A.
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section o = [| () dQ diverges, we instead characterize
X-x scattering using the transfer cross section o1 and the
viscosity cross section oy, defined as [156]

d
oT = /dQ(l —cos0)£

47t & .

= > 1+ D)sin’ (611 —6)) (24)
1=0

do

= [ dQsin*6—

Oy / sin a0

dr =~ ((+D(I+2) .,

= 2 - THSIH (62— 61) . (25)

Following the convention established in Refs. [157,
158], we introduce the dimensionless parameters a =
v/2a', b=a'm,/my, and t = ab. For the parameter space
of interest in this work (gp~O(1), v~ 1000km/s,
m, =1keV, my /MeV €[107,1]), the condition r<1
holds. This implies that the s-wave phase shift is signific-
antly larger than those of higher partial waves (|60 > ||
for /> 0), and consequently, s-wave scattering dominates
the interaction. Under the Hulthén approximation, the
cross sections can be expressed in a simplified form as
[158, 159]

3

T . .
o1~ Z0oy & — sin” (gthen) (26)
2 k2 0
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Fig. 7.

(color online) The or/m, ratio obtained from Eq. (26) (upper panels) and the imaginary part of

with the corresponding s-wave phase shift given by
[158]:
_ ir,+4.-2)
ofulthén — arg (m> , 27
where A, = 1+iac+ Ve—a?c? and ¢ ~ b/1.6.
The constraints derived from observations of galaxy
clusters, which correspond to a characteristic velocity of
v = 1000 km/s, require the self-interaction cross section to
satisfy or/m, <1 cm?/g [158, 160]. In Fig. 7, we present
or/m, as calculated from Eq. (26), alongside the imagin-
ary part of iI'(4,+1_-2)/T(1,)T'(1.). These quantities
are evaluated for a relative velocity of v= 1000 km/s
between dark matter particles, considering both coupling
values gp =1 and gp =3. We find that in addition to the
regime where my, exceeds the MeV scale (and thus satis-
fies or/m, < 1cm?/g), these constraints are also met at
specific resonant points. These points correspond to the
zeros of the imaginary part of il’(1, + - —2) /T’ (1,)T' (1),
which enforce a vanishing phase shift, i =0, result-
ing in a suppressed cross section, or/m, ~ 0. For a given
m/, 2 107 MeV, the number of these zeros increases as gp
and m, increase. Numerical calculations yield the maxim-

um my for which these resonances can occur:

102 gp=3
10%°
— 101
2
& 10
£
S 100
>
107
£
[SEETY
10!
]
YL 04
<|5 02
tls
Z[E o0
=
E 02
10- 104 10° 102 10! 10° 10!
my [MeV]

irA,+14.-2) | |
7F(/l+)l"(/l_) (lower panels)

for g = 1 and g;, = 3 (left and right panels, respectively). The relative velocity between the dark matter particles is set to v = 1000 km/s.

My

keV (28)

my ~1.7x1075 X g% X ( ) MeV.

By systematically adjusting g, and m,, the constraint
or/m, < 1lem?/g can be maintained across multiple or-

ders of magnitude in m,4 values above 10~ MeV.
However, achieving 65" = 0 by tuning the paramet-
ers (gp, my, my, v) to satisfy or/m, < 1cm?/g inevitably
introduces a fine-tuning problem. Our numerical calcula-
tions show that, for the parameter choices in Fig. 7 that
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satisfy ofthn = 0, even a 1% variation in v causes or/m,
to increase sharply to at least 10° cm?/g (for fixed m, and
gp, a larger my yields a smaller enhancement).
Moreover, under the more realistic assumption that the
relative velocity v between DM particles follows a distri-
bution f(v) rather than remaining fixed, such parameter
tuning fails to achieve or/m, < 1cm?/g. This conclusion
also applies to a wider parameter space of CRDM scen-
arios [50, 76]".

This motivates an extension of the model that simul-
taneously suppresses DM self-interactions and leaves the
dark shower kinematics unaltered compared to the model
presented here. In a more general framework, the dark
shower phenomenology can be disentangled from DM
self-interaction constraints by invoking multi-component
or inelastic dark matter scenarios [161—165]. In specific
U(1) extended models, the vector mediator couples ex-
clusively to distinct mass eigenstates (denoted as y; and
X») via off-diagonal currents, forbidding the tree-level di-
agonal coupling A’y,y;. Since the relic abundance is
dominated by the lighter state y;, tree-level elastic self-
scattering is eliminated, thereby satisfying SIDM con-
straints. Meanwhile, the kinematics of the dark shower
remain unaltered, provided the mass splitting between the
eigenstates is negligible compared to the high energy of
the cosmic rays and the DM-electron scattering energy
scale. Consequently, the main conclusions of this work
remain robust.

We note that higher-order Feynman diagrams could
reintroduce DM self-interactions. However, these contri-
butions depend strongly on the specific Lorentz structure
of the couplings (e.g., vector vs. axial-vector) and the pre-
cise mass spectrum. We leave a dedicated analysis of
these complex loop-level effects for future work.

VI. CONCLUSION AND DISCUSSION

In this work, we systematically investigate dark par-
ton shower effects in the direct detection of CRDM with-
in a dark photon-mediated fermionic DM model. By de-
veloping a Monte Carlo framework that incorporates Su-
dakov form factors and kinematic dipole recoil schemes,
we simulate the evolution of DM energy spectra under
dark photon splitting and quantify the impact of FSR on
experimental sensitivities.

By examining the FSR evolution kernel, which gov-
erns the energy redistribution of DM particles, we elucid-
ate the primary characteristics of the showering process.
Specifically, we highlight the resulting degradation of the
DM energy and identify the minimum initial DM energy
required for FSR to be kinematically allowed. FSR de-
pletes the flux of high-energy DM particles while gener-

ating an excess of secondary DM particles at lower ener-
gies. The net outcome depends strongly on the shape of
the pre-FSR flux and the particle masses. For instance,
with 2m, <my <1072 MeV and gp =3, the CRDM flux
can be enhanced by a factor of up to 1.12 in the
0(1072 ~ 1) MeV energy range. Conversely, for a lighter
mediator with m, <107 MeV and the same coupling,
FSR reduces the DM flux at ~ 100 MeV by more than
50%.

The modified CRDM flux directly impacts the elec-
tron recoil rates in both DM and neutrino experiments. In
high-threshold detectors such as Super-K and JUNO, the
dominant effect of FSR is the depletion of the high-en-
ergy DM flux. This suppresses the signal rate, systematic-
ally weakening the experimental constraints. For ex-
ample, at my = 1073 MeV and g, =3, the bounds on €
are relaxed by factors of 1.6 and 1.4 at Super-K and
JUNO, respectively. Conversely, for low-threshold exper-
iments such as PandaX-4T, a slight signal enhancement is
predicted for my ~3x107 MeV. This occurs because
abundantly radiated dark photons decay back into DM
pairs, replenishing the DM flux in the O(10) keV energy
range. We note that FSR effects become negligible if the
DM is much heavier than the keV scale, e.g., O(1) MeV,
due to the limited phase space for evolution.

Incorporating DM PDF effects alongside FSR further
relaxes the recoil rates and corresponding exclusion
bounds. This effect is particularly pronounced for larger
couplings, where the DM PDFs significantly soften the
incident DM spectrum. This behavior is consistent with
the findings in Ref. [76].

We also examine constraints from DM self-interac-
tions. By introducing a multi-component dark matter
scenario, the SIDM constraints can be naturally avoided,
and the dark shower phenomenology remains unchanged
compared to the model studied in this paper, provided
that the mass splitting between different dark matter com-
ponents is negligible relative to both the high energy of
cosmic rays and the DM-electron scattering energy scale.
Consequently, the main conclusions of this work remain
robust. Finally, we briefly comment on other potential
constraints and future directions relevant to this scenario.

As summarized in Ref. [82], various experiments
place strong constraints on the kinetic mixing parameter e
within our parameter region of interest, i.e. 107°MeV <
my < 1 MeV. The most stringent constraints in this mass
range arise from the emission of dark photons from stars
[166, 167], such as the Sun, horizontal-branch stars, and
red giants. The absence of anomalous energy loss in these
stars, as well as the detection of solar dark photons by ex-
periments such as XENONI10 [168], CAST [169], and
SHiP [170], imposes stringent bounds on the kinetic mix-

1) While many studies adopt a total cross-section approach without specifying the propagator details, implementing a consistent UV completion that evades current

mediator exclusion limits remains non-trivial.
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ing parameter. However, these studies generally neglect
self-interactions within the dark sector when modeling
dark photon emission from stars. As pointed out in Ref.
[171, 172], the presence of self-interactions within dark
sectors can significantly reduce the mean free path of
dark species, effectively trapping them inside stars and
preventing their free escape. Therefore, this mechanism
can considerably suppress radiative transfer. Using the
same dark photon model considered in our work, Ref.
[171] demonstrates that even a small dark sector coup-
ling (ap < 1) can lead to efficient self-trapping of dark
particles in proto-neutron stars. Ref. [172] also shows that
solar constraints on the pseudoscalar-photon coupling can

be evaded by studying the ¢* self-interaction term in a
pseudoscalar model.

In addition to stellar cooling constraints, beam dump
experiments such as NA64 [133, 134, 135] also provide
limits on the mixing parameter from searches for miss-
ing-energy events. However, these experiments are
primarily sensitive to masses m/, 2 1 MeV. At the bound-
ary of this region, m/, =1 MeV, the 90% C.L. bound is
slightly stronger than the JUNO limit derived in this work
for gp =1, but weaker than that for gp =3. Although
bounds extrapolated into the region ms, <1 MeV are
presented in Ref. [82], they are not competitive with the
constraints we derive from the JUNO experiment.
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