
Cosmic-ray-electron boosted light dark matter:
Implications of LZ 2025 data

Sk Jeesun 1,2,* and Anirban Majumdar 3,†

1State Key Laboratory of Dark Matter Physics, Tsung-Dao Lee Institute & School of Physics and
Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China

2Key Laboratory for Particle Astrophysics and Cosmology (MOE) & Shanghai Key Laboratory for
Particle Physics and Cosmology, Shanghai Jiao Tong University, Shanghai 200240, China

3Department of Physics, Indian Institute of Science Education and Research—Bhopal,
Bhopal Bypass Road, Bhauri, Bhopal 462066, India

(Received 23 February 2026; revised 21 June 2026; accepted 30 June 2026; published 17 July 2026)

Current multiton detectors put stringent constraints on the GeV-scale galactic dark matter, pushing the
allowed cross section almost toward the neutrino fog, yet remain mostly insensitive to the light dark matter.
Cosmic rays can upscatter the nonrelativistic halo dark matter particles, making a subpopulation of them
gain sufficient kinetic energy to be discernible in current direct search experiments. In this work, we
explore this alternate strategy to probe sub-MeVelectrophilic dark matter boosted by cosmic rays with the
latest data of LZ 2025 (WS2024 run). We also incorporate the attenuation effect on the boosted dark matter
flux during its propagation through the Earth and perform a full numerical treatment to obtain the resulting
event rate. Our result shows LZ 2025 data improve the constraint on the MeV scale dark matter by almost
∼Oð1Þ compared to the previous XENONnT limit for the energy-independent cross section. Using realistic
energy-dependent cross sections, we also analyze such a scenario, where the associated mediator mass
plays a crucial role in governing the event rate and hence the expected limits too. With energy-dependent
cross sections, our obtained limits also remain stronger than the existing constraints from the XENONnT
experiment. Even compared to the limits from neutrino detectors with much larger target masses, LZ 2025
can place stringent constraints in certain regions of the mediator parameter space, particularly in the light-
mediator regime, excluding previously unexplored regions.

DOI: 10.1103/qcwp-wrlw

I. INTRODUCTION

The quest for the particle nature of the nonluminous and
nonbaryonic dark matter (DM) persists even after the
numerous investigations over the past several decades
[1,2]. DM constitutes 25% of the total energy budget of
the Universe at present and has been strongly indicated by
observations relying on its gravitational interactions
[3–6]. Despite the strong observational evidence, the non-
gravitational interactions of particle DM still remain
elusive. Ground-based direct detection (DD) experiments
bring an excellent opportunity to trace such galactic DM
particles through their scatterings with nucleons or elec-
trons while the Earth traverses through the DM halo

[2,7–10]. Null results in experiments like XENONnT
[11], LUX-ZEPLIN (LZ) [12,13], PandaX-4T [14], and
DarkSide-50 [15] have placed stringent constraints on the
electroweak scale DM and thus motivate the community to
seek DM particles in the sub-GeV mass range.
The nonrelativistic galactic halo DM particles with MeV

scale mass and velocity ∼10−3c fail to generate a recoil
energy above the threshold energy (≳keV) of the multiton
detectors making the existing direct searches ineffective in
detecting light halo DM particles. To circumvent this
deadlock, a subdominant boosted component of light
DM with almost relativistic speeds is being explored
[16,17]. MeV-scale DM particles in the halo with electronic
or nuclear interactions are expected to inevitably scatter
with highly energetic (with energy ≳ GeV − TeV) cosmic
rays in the Galaxy and thus may gain kinetic energies
higher than the experimental thresholds. This subpopula-
tion of light DM reaching the Earth-based multiton detec-
tors and producing a unique recoil signature may help to
resolve the intriguing puzzle of the light DM. Null
observations of any such recoil lead to stringent constraint
on the respective DM interactions [16–22]. Numerous
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works in the recent past have explored the novel idea of
DM boosted by other mechanisms as well, to probe such
light DM interactions. Examples include DM boosted by
blazar jet [23–26], diffuse supernova neutrinos [27,28],
supernova emission [29], and solar reflection [30,31].
In this work, we explore an electrophilic light DM

boosted by the cosmic ray electrons (CRe) and their
possible signature in the LZ experiment [13]. LZ, with
its recent data from WS2024, which has a 3.3 ton-year
exposure, has the potential to probe such low-mass DM
parameter space, which serves as the main goal of this
work. Existing literature has already shown that the DM
recoil signature as well as the obtained limits, change
drastically in the presence of a realistic energy-dependent
cross section compared to a constant cross section
[19,32,33]. Apart from a constant cross section, we con-
sider two realistic cross sections between DM and electron
(e): (1) vector mediator and (2) scalar mediator. We
emphasize that in such boosted DM (BDM) scenarios,
the mass of the associated mediator particle plays a non-
trivial role in governing the recoil rate and, consequently, in
the obtained constraints. To give a rigorous example, we
present a benchmark vector mediator model and show the
constraints in the mediator parameter space. We also
incorporate the Earth’s attenuation effect on the boosted
dark matter flux during its propagation and perform a full
numerical treatment to obtain the limits. Though multiton
neutrino detectors like Super Kamiokande and IceCube
provide the strongest constraint on such BDM, we show
that in certain parameter space, LZ 2025 [13], with its low
threshold energy and sizable exposure, places the improved
direct detection constraint on MeV-scale electrophilic DM.

II. COSMIC RAY BOOSTED DM FLUX

A subdominant yet energetic component of the cosmic
ray is the CRe as inferred from observation [34]. DM
having an interaction channel with electrons is expected to
be upscattered by this CRe, leading to a boosted flux of χ
given as [16]

dΦχ

dTχ
¼ Deff

ρlocalχ

mχ

Z
∞

Tmin
e ðTχÞ

dΦCR
e

dTe

dσχe
dTχ

dTe; ð1Þ

where ρlocalχ ¼ 0.3 GeV=cm3 is the local DM density
whereas, mχ and σχe signify the DM mass and elastic
DM-e scattering cross section respectively. Tχ and Te

represent the kinetic energy of the boosted (up-scattered)
DM and CRe, respectively.
Deff is the effective diffusion zone parameter given by

the line of sight (LOS) integral of the Galactic DM density
profile [16,19],

Deff ¼
1

ρlocalχ

Z
dΩ
4π

Z
lmax

0

ρMWdl: ð2Þ

ρMW is the DM density distribution in the Milky Way, and
we consider the conventional Navarro-Frenk-White (NFW)
DM profile which is a function of the galactocentric
distance along the LOS r [35]. r is given as
rðl;ψÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2⊙ − 2lr⊙ cosψ þ l2

p
, where r⊙ ¼ 8.5 kpc

and ψ represent the Sun’s distance from the Galactic center
and the observation angle, respectively. Deff in principle
incorporates the effective distance from Earth, up to which
the effects from the CRe-DM scattering are considered.
With a NFW profile and integrating over the LOS integral
up to 1 kpc leads to Deff ∼ 1 kpc. The same with an
optimistic upper limit up to 10 kpc leads to Deff ∼ 10 kpc.
For this work, we simply consider a homogeneous
distribution of the CRe flux as inferred from the local
observations, with Deff ¼ 1 kpc for the conservative
limit [16,19].
The term dΦCR

e =dTe in Eq. (1) signifies the local
interstellar flux of cosmic electrons and is obtained from
the observations in experiments like Voyager [36], Fermi-
Lat [37], PAMELA [5], and AMS-02 [38]. Fitting the
observational data the CRe flux is obtained as [20,34,39]

dΦCR
e

dTedΩ
¼

(
1.799×1044T−12.061

e

ð1þ2.762×1036T−9.269
e þ3.853×1040T−10.697

e Þ for Te < 6880 MeV

3.259 × 1010T−3.505
e þ 3.204 × 105T−2.620

e for Te ≥ 6880 MeV
ð3Þ

in units of sr−1 m−2 s−1MeV−1, where Te is given in MeV. As mentioned earlier, we treat this flux to be homogeneous with
Deff ¼ 1 kpc.
The minimum kinetic energy of CRe required to boost a nonrelativistic DM to energy Tχ is denoted as Tmin

e in Eq. (1) and
is given as [16]

Tmin
e ðTχÞ ¼

�
Tχ

2
−me

�"
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2Tχðme þmχÞ2

mχð2me − TχÞ2
s #

: ð4Þ

Theþ ve (−ve) sign in the above equation applies when Tχ > 2me (Tχ < 2me).
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The BDM flux in Eq. (1) has a crucial dependence also
on the differential cross section between e and χ where the
underlying Lorentz structures of the BSM interaction
between DM and e come into play. In accordance with
the GeV scale nonrelativistic (NR) DM scattering, usually
the energy-independent differential cross section between
CRe and χ is considered in the literature which reads as [16]

dσχe
dTχ

¼ σ̄χe
Tmax
χ

: ð5Þ

Tmax
χ is the maximum kinetic energy χ can achieve after the

scattering, given as

Tmax
χ ¼ T2

e þ 2meTe

Te þ ðme þmχÞ2=ð2mχÞ
: ð6Þ

Since CRe has sufficient energy to boost a light (sub-
GeV) DM to gain almost semirelativistic velocities, the
differential cross sections may differ significantly in cases
where kinetic energy of the incoming (or, the target)
particle appears in the amplitude often referred as
energy-dependent cross sections [18,20]. This often leads
to significant alteration in the obtained limits, especially in
the low DM mass region, compelling us to consider the
energy-dependent cross sections as well. In this work, we
consider the scalar and vector mediated DM-e scattering
whose differential cross sections read as

�
dσχe
dTχ

�
scalar

¼ σ̄χe

�
mχ

4μ2eχ

� ð2mχ þ TχÞð2m2
e þmχTχÞ

sCRTmax
χ

F2
DMðq2Þ

�
dσχe
dTχ

�
vector

¼ σ̄χe

�
mχ

2μ2eχ

� ð2mχðme þ TeÞ2 − Tχððme þmχÞ2 þ 2mχTeÞ þmχT2
χÞ

sCRTmax
χ

F2
DMðq2Þ; ð7Þ

respectively, with μeχ being the reduced mass of
the χ − e system. sCR ¼ ðmχ þmeÞ2 þ 2mχTe is the center
of momentum energy of χ − e scattering. FDMðq2Þ
incorporates the information of the mass scale of the
mediator participating in the aforementioned interaction,
given as

FDMðq2Þ ¼
q2ref þm2

med

q2 þm2
med

; ð8Þ

with q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
2mχTχ

p
being the associated three-momentum

transfer. qref ¼ αme is the reference momentum to define
the NR cross section σ̄χe. mmed is the mediator mass. Note
that for mmed ≫ q (mmed ≪ qref ), i.e., in the heavy (light)
mediator limit FDMðq2Þ reduces to 1 (ðαme=qÞ2).

III. ATTENUATION

The incoming BDM flux with high cross section with
matter is expected to be affected by the attenuation effect of
the Earth’s material while traversing through it before
reaching the underground detector.1 This leads to loss of
kinetic energy (KE) of the incoming χ. The KE of the BDM
particles after traveling a distance z within the Earth is

governed by the energy loss equation2 [16,40],

dTz
χ

dz
¼ −ne

Z
Tmax
er ðTz

χÞ

0

dσχe
dTer

TerdTer; ð9Þ

with z given as [28]

z ¼ −ðR⊕ − hdÞ cos θz þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
⊕ − ðR⊕ − hdÞ2sin2θz

q
:

Here, Ter signifies the recoil energy of the outgoing
electrons after being scattered by χ within the Earth, while
Tmax
er ðTz

χÞ corresponds to the maximum recoil energy of the
outgoing electrons and can be obtained by

Tmax
er ðTχÞ ¼

T2
χ þ 2mχTχ

Tχ þ ðme þmχÞ2=ð2meÞ
: ð10Þ

dσχe=dTer represents the differential cross section of
energetic incoming DM with the electron. Here also, the
differential scattering cross section between the incoming
energetic DM and the target electron at rest, plays the
crucial role in the event rates. For energy independent
amplitude the differential cross section is given as [16]

dσχe
dTer

¼ σ̄χe
Tmax
er

: ð11Þ1In principle, the incoming BDM flux may also undergo
attenuation while traversing the Earth’s atmosphere. However,
owing to the significantly lower number density of atmospheric
matter compared to that of the Earth [28], the corresponding
attenuation is negligible for the range of cross sections considered
in this work. Therefore, we neglect atmospheric attenuation
throughout our analysis.

2Since we consider an electrophilic dark matter scenario, the
attenuation is evaluated through DM-electron elastic scatterings
inside the Earth. Possible contributions from DM-nucleus inter-
actions are therefore not applicable in the present setup.
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Energy dependent cross sections with target electrons for
scalar and vector mediators can be obtained from
the earlier discussed Eq. (7) with the substitution
Tχ → Ter; Te → Tχ ; me → mχ ; mχ → me; Tmax

χ → Tmax
er ,

and sCR → sχ ¼ ðmχ þmeÞ2 þ 2meTχ [see Eq. (B1) and
Eq. (B2)]. Finally, the average electron density within the
Earth is considered as neð¼ 8 × 1023 cm−3Þ [28]. In the
expression of z, the parameters like θz, R⊕, and hd signify
the zenith angle of the incoming BDM particles, Earth’s
radius, and the depth of the detector at zero zenith angle,
respectively. For LZ, we consider hd ¼ 1.47 km.
The energy loss equation [Eq. (9)] is solved with the

initial condition, Tz
χðz ¼ 0Þ≡ T0

χ , which describes the KE
of χ at Earth’s surface. To obtain the realistic recoil rates,
one needs to obtain the differential flux after attenuation
[16,28],

dΦχ

dTz
χ
¼

Z
dΩ

d2Φχ

dTχdΩ

����
T0
χ

dT0
χ

dTz
χ
: ð12Þ

Note that, d2Φχ

dTχdΩ
j
T0
χ

stands as the usual incoming flux of

CRe boosted χ with KE T0
χ described in Eq. (1). In the

limiting case, ðmχ þmeÞ2 ≪ 2meTz
χ and for energy-inde-

pendent cross section approximation the energy loss
equation [Eq. (9)] can be solved analytically, leading to
a simplified expression of DM flux [16,28,32]. However,
such an approximation is not guaranteed in the whole
parameter space, especially for energy-dependent inter-
actions. Hence, we refrain from using such analytical
formalism of attenuation effect in this work.
To obtain the numerical solution and perform the full

parameter-space scan, we proceed as follows. For a fixed
mχ and σ̄χe, we numerically solve Eq. (9) over a grid of
initial kinetic energies T0

χ ∈ ½10 eV; 105 GeV� and propa-
gation distances z, obtaining Tz

χ as a function of ðz; T0
χÞ.

The grid is then inverted to interpolate T0
χðz; Tz

χÞ and
compute the Jacobian dT0

χ=dTz
χ , which is used in

Eq. (12) to derive the attenuated underground flux after
zenith-angle integration. The variation in attenuated BDM
flux for different interactions can be found in the
Appendix A. Finally, using the attenuated flux, we simulate
the recoil spectrum as discussed in the following [Eq. (13)]
and perform the numerical scan to extract the correspond-
ing constraints.3

IV. RECOIL SPECTRA

Upon arriving at the Earth-based underground DM
detector such BDM particles will scatter with the target
electrons in the detector and produce recoil signature. The
expected event rate is calculated as

dRχe

dTer
¼ texpnTZeffðTerÞEðTerÞ

Z
T∞
χ

Tmin
χ ðTerÞ

dTχ
dΦχ

dTz
χ

dσχe
dTer

; ð13Þ

where the true recoil energy of the target electrons, the
experimental run time, and the number of target atoms in
the detector fiducial volume are represented as Ter, texp, and
nT respectively, while the binding energy effects of atomic
electrons in xenon are incorporated through the effective
charge function ZeffðTerÞ. Following Ref. [42], this func-
tion is approximated using a series of step functions that
account for the ionization thresholds of individual atomic
shells, and is expressed as ZeffðTerÞ ≈

P
54
i¼1ΘðTer −BiÞ,

where ΘðxÞ denotes the Heaviside step function. The
quantities Bi correspond to the single-particle binding
energies of the ith electron in the xenon atom, evaluated
using Hartree-Fock atomic structure calculations as
reported in Ref. [42]. EðTerÞ encodes the detector effi-
ciency as a function of recoil energy. In this work, EðTerÞ is
taken from the publicly reported 1D region-of-interest
(ROI) efficiency curve shown in Fig. 1 of the LZ
WS2024 data release [13], which incorporates the com-
bined effects of trigger response, S1 threshold require-
ments, single-scatter reconstruction, and data analysis
selection cuts. Tmin

χ stands for the minimum kinetic energy
of χ needed to scatter an electron with a recoil energy Ter
and can be found from Eq. (4) with the substitution
Tχ → Ter; me → mχ and mχ → me [16].
To simulate the events, we use the updated WS2024 data

from the LZ Collaboration corresponding to their 1D ROI
likelihood analysis in reconstructed energy, published in

FIG. 1. 2σ CL constraints on CRe boosted DM with constant
cross section from LZ 2025 is shown by the magenta shaded
region. Existing constraints from the BDM search at XENONnT
[44] (dashed blue line), solar reflected DM [30] (orange shaded
region), and the combined DD limits from SuperCDMS [45],
SENSEI [46], and XENON10 [47] for Galactic halo DM (gray
shaded region) are also shown.

3The detailed methodology can be found in Ref. [41].

SK JEESUN and ANIRBAN MAJUMDAR PHYS. REV. D 114, 023029 (2026)

023029-4



2025 with a total exposure of 3.3ton × year [13]. To obtain
the reconstructed event spectra we use the smearing

dRχe

dTreco
er

¼
Z

Tmax
er

0

dTer
dRχe

dTer
GðTer; Treco

er Þ; ð14Þ

Treco
er and GðTer; Treco

er Þ are the reconstructed electron recoil
energy and the Gaussian smearing function respectively.
We consider the resolution power σ ¼ 0.323

ffiffiffiffiffiffiffiffiffi
Treco
er

p
keV

[43]. Using the BDM flux of Eq. (1) and incorporating the
Earth attenuation effect described in Eq. (12), we evaluate
the recoil spectrum through Eq. (13). Furthermore, after
applying the detector smearing as in Eq. (14), we obtain the
expected number of events in each bin for a fixed choice of
(mχ) and (σ̄χe). To place the constraints, we compute the χ2

value at each point in the mχ–σ̄χe plane and marginalize
over the nuisance parameters associated with the uncer-
tainties of the various background components. We then
compute Δχ2 ¼ χ2 − χ2min, where χ2min denotes the global
minimum of the χ2 function over the entire parameter
space. The 2σ confidence-level (CL) exclusion contour is
obtained by selecting the parameter points satisfying
Δχ2 ¼ 6.18. A detailed discussion about the recoil spectra
and χ2 analysis can be found in the Appendix B and
Appendix C respectively.

V. CONSTRAINTS

We show our limits obtained at 2σ CL from LZ 2025 in
Fig. 1, considering a constant cross section depicted by the
magenta shaded region. We also showcase the existing limit

on CRe boosted DM from XENONnT [44] shown by
dashed blue lines. Our obtained limit excludes ∼Oð1Þ
smaller σ̄χe than the XENONnT for mχ ∼ 0.1 MeV. With a
decrease in mχ the bound on σ̄χe becomes stronger because
of the higher amount of incoming BDM flux for light χ
[20]. Note that, for a higher value of the cross section (e.g.,
σ̄χe ≳ 10−27 cm2 for mχ ¼ 1 MeV) the incoming DM flux
gets significantly attenuated, failing to generate any sta-
tistically significant event at the detector. Hence, apart from
the upper limit on σ̄χe, we also observe an attenuation
ceiling in the aforementioned plot. Complementary
bounds from solar reflected DM [31] (orange shaded
region) and the combined DD limits from SuperCDMS
[45], SENSEI [46], and XENON10 [47] for Galactic halo
DM (gray shaded region) are also portrayed for
comparison.
The constraints on CRe boosted DM change drastically

while considering energy dependent cross sections. To
investigate these we consider the earlier mentioned two
scenarios: vector and scalar mediated interaction between
DM and e. While analyzing the energy dependent cross
sections the mass scale of the associated mediator is crucial
in deciding the BDM flux and the recoil spectra. We first
display our 2σ CL constraints in the heavy mediator limit,
i.e., FDMðqÞ ¼ 1 obtained from LZ 2025 in Fig. 2 for
(a) vector mediator (left panel) and (b) scalar mediator
(right panel). To signify our limits and existing constraints
we follow the same color convention as discussed earlier.
The combined DD limits [45–47] for Galactic halo DM
(gray shaded region) are also shown for both of the
aforementioned plots. For the vector mediator scenario,

FIG. 2. 2σ CL constraints on CRe boosted DM in the heavy mediator limit (FDMðqÞ ¼ 1) with (a) vector mediator and (b) scalar
mediator from LZ 2025 are shown by the magenta shaded region. Existing constraints from the BDM search at XENONnT [44] (dashed
blue line); PandaX-4T [48] (green dashed lines); utilizing plasmon enhancement in SENSEI [49](dark cyan dashed lines); and the
combined halo DD limits from SuperCDMS [45], SENSEI [46], and XENON10 [47] for Galactic halo DM (gray shaded region) are also
portrayed.

COSMIC-RAY-ELECTRON BOOSTED LIGHT DARK MATTER: … PHYS. REV. D 114, 023029 (2026)

023029-5



our obtained limit is stronger than the earlier bound from
XENONnT [44] (dashed blue line) by almost a factor of
∼2. We also highlight the constraints on CRe boosted DM
from PandaX-4T [48] and SENSEI [49] (through plasmon
enhancement) represented by green and dark cyan dashed
lines respectively. It is worth highlighting that, in the heavy
mediator limit, LZ 2025 constraints with energy dependent
cross sections are ≳Oð102Þ times stronger than the same
with a constant cross section in the low (∼keV) DM mass
region. On the other hand, the LZ limit obtained with a
scalar mediator (right panel) is weaker than that with vector
mediator (left panel) in low mass (mχ ≲ 10−1 MeV) range.
This can be perceived from the associated ER suppression
(see Eq. (B1)) in the differential cross section for scalar
mediator [20]. Similar to the case of constant cross section,
here also we find an attenuation ceiling on the constraint
region for higher values of σ̄χe. The differences in the shape
of the attenuation ceiling for vector and scalar interactions,
compared to the constant one, can also be attributed to the
strong dependence of the DM interaction rate on the
energies of the involved particles. For both scalar and
vector interaction, Super Kamiokande (Super-k) [20] pla-
ces stronger limits on BDM interaction in the heavy
mediator limit. Since the upper limits from Super-K fall
below the lowest σ̄χe values covered by the aforementioned
plots, they are not shown explicitly to maintain the clarity
of the figures.
On the other hand, 2σ CL constraints from LZ 2025 in

the light mediator limit, i.e., FDMðqÞ ¼ ðαmeÞ2=q2 are
shown in Fig. 3 for the (a) vector mediator (left panel) and

(b) scalar mediator (right panel). Again, we follow the same
color convention to represent the obtained limits and the
existing constraints. Note that, for this scenario, the
obtained limits are significantly weaker than those obtained
in the heavy mediator limit, due to the suppression in the
differential cross section from FDM. This leads to a
significantly smaller amount of incoming BDM flux for
mχ ≳ 1 MeV [20] and consequently a suppressed event
rate. Note that our obtained limits in this case are also
stronger than the previously obtained BDM constraints
from XENONnT [20,44] (dashed blue line) and Super-k
[20] (dashed purple line). However, our limit is weaker than
the BDM constraint from SENSEI [49] (dark cyan dashed
lines), which benefits from plasmon enhancement.
For the light mediator case, even with a larger cross

section (σ̄χe ≳ 10−26 cm2), the attenuation effect is found to
be negligible. Since we do not observe any attenuation
ceiling for this case in our region of interest, we refrain
from showing it in the constraint plot.
A complementary bound from solar reflected DM is also

applicable for our scenario and is expected to exclude σ̄χe ≲
10−31 cm2 and 1 keV≲mχ ≲ 10 MeV [30,31]. However,
in the absence of any rigorous analysis of purely electro-
philic solar reflected DMwith a vector or scalar mediator in
the existing literature, we refrain from showcasing the solar
reflected DM limit. For the ultralight mediator case, light
mediators are constrained from cooling of astrophysical
bodies like the Sun, red giant (RG), and supernova [52,53].
The recasted limit on themχ vs σ̄χe plane, from RG cooling
(dark red solid line) excludes mχ ≲ 0.1 MeV for the vector

FIG. 3. 2σ CL constraints on CRe boosted DM in the light mediator limit (FDMðqÞ ¼ ðαmeÞ2=q2) with (a) vector mediator and
(b) scalar mediator from LZ 2025 are shown by the magenta shaded region. Existing constraints from the BDM search at XENONnT
[44] (dashed blue line), Super-k [20] (dashed purple line), utilizing plasmon enhancement in SENSEI [49] (dark cyan dashed lines), and
the DAMIC 2025 [50] limit for Galactic halo DM (gray shaded region) are also portrayed. We also display astrophysical constraints like
supernova cooling [51] (orange shaded region) and red giant [52] (dark red solid line).
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mediator. However, in the scalar mediator scenario, the
same limit is expected to exclude σ̄χe ≳ 10−42 cm2 for our
mass range of interest [52,54]. Hence, we do not explicitly
showcase the shaded region corresponding to this limit for
the light scalar mediator case to avoid overcrowding the
plot. On the other hand, supernova cooling (orange shaded
regions) constrains 10−32 cm2 ≲ σ̄χe ≲ 10−38 cm2 for mχ ¼
1 keV for the ultralight vector mediator [20,54].
Cosmological constraints from big bang nucleosynthesis
[55] exclude fermion DMwithmχ ≲ 8 MeV, although they
depend on the thermal history and can be surpassed in an
extended DM sector. Our obtained limit from LZ 2025 can
serve as a complementary direct probe of them for the light
vector and scalar mediated DM.
As discussed before, Super-k [20] and IceCube [56] so

far set the most stringent constraints on CRe boosted (sub-)
MeV DM in the heavy mediator limit, thanks to their
humongous target size. For example, for the constant cross
section σ̄χe ≳ 10−32 cm2 is excluded from Super-k formχ ∼
1 MeV [17]. For the vector (scalar) mediated cross section
Super-k excludes σ̄χe ≳ 10−34 cm2 (σ̄χe ≳ 10−33 cm2) for
mχ ∼ 1 MeV in the heavy mediator limit [20]. However, in
the light mediator limit, neutrino detector constraints
are significantly weakened. For the vector (scalar)
mediated cross section Super-k excludes σ̄χe ≳ 10−29 cm2

(σ̄χe ≳ 10−28 cm2) for mχ ∼ 1 keV in the light mediator
limit [20]. The threshold of Super K (IceCube) is
Oð100Þ MeV (Oð500Þ GeV) which leads to a suppressed
(∼1=q2) recoil rate in the light mediator limit. On the other
hand, LZ benefits from its very low threshold energy
(∼1 keV) and can place a stronger constraint in the light
mediator limit. Though the same parameter space is
strongly constrained by stellar-cooling limits and novel
table-top experiments such as SENSEI, our results dem-
onstrate the complementary sensitivity of LZ 2025 to CRe-
boosted dark matter in the light-mediator regime.
Owing to the huge differences in different detector

thresholds, it is also crucial to properly identify the
mediator mass range while comparing the limits from
DM and neutrino detectors. For example, “heavy mediator”
limit in Super-k signifies the mediator mass to be
≳Oð100Þ MeV, whereas the same limit in the LZ can
be realized when the mediator mass is ≳Oð100Þ keV.
Thus, for concrete analysis, it is essential to consider
minimal benchmark DM models featuring the earlier
mentioned mediators. As an example, we choose a minimal
model with fermion DM χ and a beyond the standard model
(BSM) vector mediator V and write the following
Lagrangian:

Lint ⊃ −gχV χ̄γμχVμ − geVēγ
μeVμ; ð15Þ

where geVðgχVÞ is the respective coupling of V with electron
(DM). The mediator mass is denoted as mV . The reference

NR cross section is then given by

σ̄χe ¼
4ðgeVgχVÞ2μ2χe
πðq2ref þm2

VÞ2
: ð16Þ

In Fig. 4 we present our 2σ CL constraints in the vector
mediator parameter space (mV vs geV plane) for CRe
boosted DM from LZ 2025. Here we fix the DM coupling
gχV to be 1. We display our exclusion limits for
mχ ¼ 1 MeV, 10 MeV, and 100 MeV depicted by the
regions above the magenta, orange, and blue solid lines
respectively. For a quick comparison, our obtained limit on
geV for mχ ¼ 1 MeV at mV ≲ 10−2 MeV is stronger than
XENONnT [44] by a factor of ∼6. In the same plane we
also showcase the Super-k limit on geV depicted by dotted
lines (see Appendix E for Super-k analysis). Note that,
Super-k limits for mV ≲ 1 MeV are Oð2Þ weaker than our
limit. A similar analysis with a scalar mediator can also be
performed (see Appendix D).
For the light mediators discussed in the context of Fig. 4,

there also exist constraints from BABAR (geV ≳ 10−4)
[57,58], invisible decay from NA64 [59], and beam dump
experiments [58]. The limits from the collider and fixed-
target experiments depend strongly on the ultraviolet (UV)
completion of the benchmark model and change drastically
depending on the DM mass and other interactions of the
mediator. For example, the invisible decay constraints
coming from BABAR [57,58] and NA64 invisible [59]
are relevant as long as the mediator mass< 2mχ , so that the
mediator can decay dominantly to the dark sector. Thus, the
parameter space does not encounter any single constraint
contour from these constraints; rather a different set of

FIG. 4. 2σ CL constraints in the vector mediator mass vs
coupling parameter space for CRe boosted DM from LZ 2025.
Limits corresponding tomχ ¼ 1 MeV, 10MeV, and 100MeVare
represented by the region above the magenta, orange, and blue
solid lines respectively.
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benchmark-dependent constraints are applicable. BABAR
(geV ≳ 10−4) [57,58] is expected to exclude the parameter
space mV ∼ 2 MeV–10 GeV (mV ∼ 200 MeV–10 GeV)
for mχ ¼ 1 MeV (100 MeV). On the other hand, the
visible decay constraints (beam dump [58]) are derived
assuming that the mediator decays to SM particles with
∼100% branching ratio and constrains the light mediator in
the range 1–100 MeV. Again, for our chosen set of DM
mass, the beam dump constraint applies only for
mχ ¼ 100 MeV. Hence, we refrain from recasting these
benchmark-dependent limits in our parameter space to keep
the figure uncluttered. Apart from these stellar cooling
constraint excludes mV < 0.4 MeV [52], although the
constraint reported in the existing literature is derived
without considering mediators coupled with the dark sector.
However, these constraints are often associated with
astrophysical uncertainties and are dependent on stellar
modeling. Thus our obtained limits are complementary to
these limits and, in some parameter space (for
mχ ≲ 10 MeV, and mV ≲ 1 MeV), stronger than the
existing limits. Thus, LZ 2025 data can be extremely
helpful for understanding the particle nature of an electro-
philic light DM accelerated by the cosmic rays and help to
address one of the key puzzles of the Universe.

VI. CONCLUSION

CRe upscattering of light DM makes them detectable in
the underground detectors which can probe the previously
inaccessible DM parameter space. In this work we provide
the updated constraint on such electrophilic DM analyzing
the latest LZ data [13]. We show that LZ places a constraint
on the DM-e cross section stronger than the previous DD
limit from XENONnT [44]. For such boosted DM the
energy dependencies in their respective cross section have a
pivotal role in the obtained rates and consequently in the
constraints from DD experiments. To scrutinize this issue
we also consider realistic cross sections with minimal DM
models featuring vector and scalar mediators. Through
exhaustive numerical scans within such frameworks, we
present the limits obtained from LZ 2025 on CRe boosted
DM. We also incorporate the Earth’s attenuation effect on
BDM flux and implement a full numerical treatment to
obtain constraints. We observe that, with the realistic cross
sections, the obtained limits strongly depend on the
mediator mass, compelling us to rigorously analyze it with
realistic models featuring BSM mediators. Even in the
light-mediator regime, LZ provides a complementary probe
of the parameter space alongside constraints from other
experiments. In the future, experiments such as DARWIN,
JUNO, DUNE, and Hyper-Kamiokande will frame the
pathway of further investigation of the low mass boosted
DM parameter space.
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APPENDIX A: ATTENUATED BDM FLUX

Following the steps mentioned in the main text we obtain
the attenuated flux of CRe boosted DM at the detector. In
Fig. 5 we show the incoming BDM flux with and without
the attenuation effect depicted by green dashed and red
solid lines, respectively for mχ ¼ 10 MeV and
σ̄χe ¼ 10−29 cm2. The fluxes corresponding to constant,
heavy vector mediated and heavy scalar mediated inter-
actions are displayed in Figs. 5(a)—5(c), respectively.
Similarly, in Fig. 6 we compare the incoming BDM
flux with and without the attenuation effect for
mχ ¼ 1 keV and σ̄χe ¼ 10−31 cm2 for light vector medi-
ated [Fig. 6(a)] and light scalar mediated [Fig. 6(b)]
interactions.
Note that, for the constant cross section the attenuated

flux differs slightly from the unattenuated flux with a
moderate cross section as the DM mean free path
(l ∼ ðneσ̄χeÞ−1) becomes comparable with the Earth’s
radius. For similar reasons, the attenuated fluxes for the
case of heavy vector and heavy scalar mediated inter-
actions differ significantly from the unattenuated flux at
higher Tχ. With higher values of σ̄χe, the fluxes decrease
more and lead to a suppression in the event rate. For
sufficiently large cross sections, the incoming DM par-
ticles lose a substantial fraction of their kinetic energy
while propagating through the Earth and consequently fail
to generate observable recoil signals at the detector,
resulting in the upper ceilings observed in the constraint
plots. Needless to say, with smaller values of σ̄χe, the
effect of attenuation becomes negligible, and hence the
upper limit of allowed DM cross sections remains almost
similar to that obtained without considering the attenu-
ation effect.
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On the other hand, for the light mediator case, the
attenuated flux does not exhibit any significant difference
from the unattenuated flux due to the momentum sup-
pressed interaction rate with Earth’s electrons. Hence, for
this case also, the upper limit of the allowed DM
cross sections coincides with that obtained without con-
sidering the attenuation effect. Even varying σ̄χe up to
10−25 cm2 we do not find any corresponding attenuation
ceiling and hence do not include the attenuation ceiling
in Fig. 3.

APPENDIX B: DIFFERENTIAL CROSS SECTION
AND RECOIL SPECTRA

The differential cross section for DM scattering with
target electron in the detector is given as

FIG. 6. Comparison between incoming BDM fluxes at LZ
detector [13] with and without the attenuation effect depicted by
green dashed and red solid lines, respectively for (a) light vector
mediated and (b) light scalar mediated interactions. We choose a
benchmark mχ ¼ 1 keV and σ̄χe ¼ 10−31 cm2.

FIG. 5. Comparison between incoming BDM fluxes at LZ
detector [13] with and without the attenuation effect depicted by
green dashed and red solid lines, respectively for (a) constant,
(b) heavy vector mediated, and (c) heavy scalar mediated
interactions. We choose a benchmark mχ ¼ 10 MeV and
σ̄χe ¼ 10−29 cm2.
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�
dσχe
dTer

�
s
¼ σ̄χe

�
me

4μ2eχ

� ð2me þ TerÞð2m2
χ þmeTerÞ

sχTmax
er

; ðB1Þ

�
dσχe
dTer

�
v
¼ σ̄χe

�
me

2μ2eχ

�
×
2meðmχ þ TχÞ2 − Terððme þmχÞ2 þ 2meTχÞ þmeT2

er

sχTmax
er

; ðB2Þ

for the scalar-mediated and vector-mediated cross section,
respectively. For this analysis, we use the following
smearing function:

GðTer; Treco
er Þ ¼ 1ffiffiffiffiffiffi

2π
p

σ
exp

�
−
ðTer − Treco

er Þ2
2σ2

�
; ðB3Þ

σ being the resolution power mentioned earlier [43].
The expected recoil signature is shown in Fig. 7. The red

shaded region and the black dots with error bars signify the
background and observed events reported by LZ 2025 [13],
respectively. In Fig. 7(a) we show the event spectra for
different cross section types with a fixed mass mχ ¼
1 MeV depicted by different colored lines. The chosen
cross sections are 4 × 10−31 cm2, 1.5 × 10−31 cm2, and 3 ×
10−31 cm2 for constant (steel blue), vector (green), and
scalar (purple) mediated cross sections, respectively. On the
other hand, the recoil spectra with a light mediator limit is
displayed in Fig. 7(b). Here we consider mχ ¼ 0.1 MeV
and σ̄χe ¼ 2 × 10−27 cm2, and 10−27 cm2 for vector (green)
and scalar (purple) mediated cross sections, respectively. It
is worth noting the role of the interaction type and the
mediator mass role in deciding the recoil signature in the
aforementioned plots.

APPENDIX C: STATISTICAL ANALYSIS

The statistical interpretation of the LZ WS2024 data is
performed using a binned spectral analysis based on a
Poisson-likelihood χ2 framework [60]. The test statistic is
defined as

χ2ðS⃗; γkÞ ¼ 2
X
i

�
Ri
predðS⃗; γkÞ − Ri

exp

þ Ri
exp ln

�
Ri
exp

Ri
predðS⃗; γkÞ

��
þ
X
k

�
γk
σγk

�
2

; ðC1Þ

where Ri
exp denotes the observed number of events in the

i-th recoil-energy bin, taken from Fig. 2 of Ref. [13]. The

predicted event rate in each bin is obtained by combining

the theoretically simulated dark matter signal (Ri
χeðS⃗Þ) with

the individual background components as reported by the
LZ Collaboration [13], and is expressed as

Ri
predðS⃗; γkÞ ¼ Ri

χeðS⃗Þ þ ð1þ γ214PbÞRi
214Pbβ

þ ð1þ γKr=ArÞRi
85Krþ39Arþβsþγ

þ ð1þ γνERÞRi
ν⊙ER

þ ð1þ γ2νββÞRi
136Xe2νββ

þ ð1þ γPo=PbÞRi
218Poþ212Pbβs

þ ð1þ γH=CÞRi
3Hþ14C

þ ð1þ γDECÞRi
124XeDEC

þ ð1þ γECÞRi
127Xeþ125XeEC

: ðC2Þ

FIG. 7. Expected recoil signature of CRe boosted DM in the LZ
detector [13] considering the attenuation effect for the (a) heavy
mediator with mχ ¼ 1 MeV and (b) light mediator with
mχ ¼ 0.1 MeV.
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The nuisance parameters γk encode uncertainties
in the normalization of individual background
components and are constrained by Gaussian priors with
widths [13]

σ214Pb ¼
130

1099
; σKr=Ar ¼

33

237
; σνER ¼ 9

151
;

σ2νββ ¼
16

107
; σPo=Pb ¼

11.0
92.1

; σH=C ¼ 3.4
61.2

;

σDEC ¼ 4.0
20.0

; σEC ¼ 0.7
3.2

: ðC3Þ

These nuisance parameters are marginalized over in the χ2

minimization procedure for each choice of the new-physics

parameter set S⃗, i.e., each set of fmχ ; σ̄χeg values.

APPENDIX D: DM WITH LIGHT SCALAR
MEDIATORS

Here, we choose a minimal model with fermion DM χ
and a scalar mediator S with the following Yukawa like
Lagrangian:

Lint ⊃ −gχSSχ̄χ − geSSēe; ðD1Þ

where geSðgχSÞ is the respective coupling of S with electron
(DM). The mediator mass is denoted as mS. The reference
NR cross section is then given by

σ̄χe ¼
ðgeSgχSÞ2μ2χe

πðq2ref þm2
SÞ2

: ðD2Þ

The corresponding 2σ CL constraints in the scalar mediator
parameter space (mS vs geS plane) for CRe boosted DM
from LZ 2025 is presented in Fig. 8. Here, we also fix the
DM coupling gχS to be 1 and showcase our exclusion limits
for mχ ¼ 1 MeV, 10 MeV, and 100 MeV depicted by the
regions above the magenta, orange, and blue solid lines,
respectively.

APPENDIX E: SUPER-K CONSTRAINTS

Super-K constraints for this work are obtained following
the methodology prescribed in Ref. [17]. Super-K is a
50 kton water Cherenkov detector [61] and reported 4042
events observed in the first bin with 0.1 GeV < ER <
1.33 GeV with an efficiency ϵSK ¼ 0.93 analyzing
2628.1 days of its data taken with a 161.9 kton − year
exposure. To obtain a conservative limit, we consider the
predicted event in the energy range NSK > 4042∶

nTtrunϵSK ×
Z

1.33 GeV

0.1 GeV

dR
dER

dER > 4042; ðE1Þ

where nTtrun ¼ 7.5 × 1034 × year represents total exposure
[17]. The differential cross section is considered to be the
vector (scalar) mediated one to obtain the limit on geVðgeSÞ as
shown in Fig. 4 (Fig. 8).
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