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Abstract: Some next-generation dark matter detection experiments are primarily designed to search for dark mat-

ter--electron interactions, but they can also be used to probe models in which dark-matter couples exclusively to nuc-

leons via quantum effects. Hadronic loop-induced interactions can directly excite plasmons in semiconductors,
thereby providing an additional channel for detecting leptophobic dark matter. In this work, we investigate plasmon

excitations in silicon detectors induced by boosted dark matter and cosmic-ray upscattered dark matter via the had-

ronic loop process. By analyzing available experimental data, we derive new exclusion limits on the leptophobic

dark matter--nucleon scattering cross section in the sub-MeV mass range.
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I. INTRODUCTION

A wealth of gravitational evidence from astrophysic-
al and cosmological observations compellinglysupports
the existence of dark matter (DM), which constitutes the
majority of the mass content of the Universe. Con-
sequently, various detection experiments have been de-
veloped and numerous DM candidates  have been pro-
posed to better understand DM. However, the fundament-
al nature and composition of DM, particularly its non-
gravitational interactions and mass, remain unknown. For
instance, the most widely studied DM candidate, weakly
interacting massive particles (WIMPs) [1] with masses
ranging from O(1) GeV to O(10) TeV, has not yielded
any conclusive signals in direct detection experiments
[2-4]. Meanwhile, the DM community has increasingly
focused on non-WIMP DM candidates, such as sub-GeV
DM [5-28], and on the development of novel detector
materials [29—42], including semiconductor-based detect-
ors [43-51].

Conventional DM direct detection experiments typic-
ally target nuclear recoil signals, whereas semiconductor

Received 1 July 2026; Accepted 21 October 2026

experiments focus on electronic excitation signals in-
duced by DM-electron interactions, enabling searches for
lighter DM candidates. For semiconductors, the DM-elec-
tron scattering rate can be described by the energy loss
function (ELF) of the material, Im[—e!(Q, w)], which de-
pends on the momentum- and frequency-dependent lon-
gitudinal dielectric function €(Q,w). This quantity can be
calculated using density functional theory, including
many-body effects, as in Refs. [52—55]. The ELF exhib-
its a significant enhancement of the excitation rate in
certain kinematic regions, such as |Q| <5 keV and w ~ 15
eV for silicon detectors, as shown in Ref. [53]. This phe-
nomenon is known as electronic collective, or plasmon,
excitation, and is a common feature of well-ordered solid
materials. The plasmon excitation regions of some con-
ventional and unconventional materials can be found in
Ref. [56] and [57], respectively. Recently, Refs. [58—61]
investigated the potential of direct plasmon excitations as
probes of DM-electron scattering. In particular, Ref. [58]
clearly demonstrated that direct plasmon excitation re-
quires the kinematic condition v, 2 0.01c, and further cal-
culated the corresponding excitation rate induced by re-
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lativistic DM-electron interactions.

Previous studies of direct electronic collective excita-
tions have primarily focused on DM-electron interactions,
such as those mediated by a dark photon or within lepto-
philic DM frameworks. In contrast, for well-motivated
scenarios in which DM couples only to nucleons, direct
electronic signals cannot be generated at tree level. Nev-
ertheless, such DM can directly produce observable elec-
tron signals through hadronic loop-induced interactions
with electrons, thereby enabling the detection of lighter
DM, as demonstrated in Ref. [62]. Motivated by this, in
this work we investigate direct electronic collective excit-
ations induced by leptophobic DM (LDM) [63—-67] via a
proton-loop process.

We first identify the kinematic requirements for dir-
ect plasmon excitation by LDM, which similarly demand
an LDM speed greater than 0.01¢. As benchmark scenari-
os, we consider two relativistic LDM fluxes: two-com-
ponent boosted DM (BDM) [68—74] and cosmic-ray up-
scattering DM (CRDM) [75-93]. We then recalculate the
plasmon excitation rate from LDM-electron scattering
mediated by hadronic loops and use data from the SEN-
SEI experiment at SNOLAB [94] to estimate the corres-
ponding detection sensitivity in the sub-MeV mass range.
This analysis yields new exclusion limits on-the spin-in-
dependent LDM-nucleon scattering cross section through
a light vector mediator.

IO. LEPTOPHOBIC DARK MATTER-ELECTRON
SCATTERING IN SEMICONDUCTORS

When LDM particles reach semiconductor detectors,
they cannot couple directly to electrons at tree level be-
cause the mediator is leptophobic. However, their interac-
tions can arise indirectly through hadronic loops, as
shown in Fig. 1. The Dirac fermion LDM y interacts with
Standard Model particles through a vector mediator V'
that couples only to quarks. The simplest model intro-
duces the vector mediator as the gauge boson associated
with a local U(1)p baryon-number symmetry broken at
the TeV or electroweak scale, as shown in various UV
completions [95-101]. Within an appropriate low-energy
effective theory [63], the Lagrangian can be written as

L2 gpVuJs+8 Vi Y'x, (1)

1
where Jp = 3 Zq dy"q is the corresponding baryon cur-

rent. The parameters g, and gz denote the couplings of
DM and quarks to the vector mediator, respectively. The
relevant gauge anomalies can be canceled by additional
fermions in the UV completion, which acquire masses
through couplings to the spontaneous symmetry-break-
ing sector of U(1)p. These fermions are typically suffi-

hadronic
loop

> ! o
Semiconductor detector

Fig. 1. Schematic diagram of the LDM-electron scattering
process mediated by a hadronic loop in a semiconductor de-
tector.

ciently heavy to satisfy experimental bounds [102]. De-
pending on the gauge coupling, the gauge boson V can be
as light as the eV scale [103—-106]. In the energy regime
considered here, the effective LDM-nucleon interaction
Lagrangian is given by

(NIggV,J5IN) = ggV,Ny"N. 2

Proton or meson loops can induce mixing between the
vector mediator and the photon, providing an effective
coupling between LDM and electrons in a semiconductor
detector, as shown in Fig 1. In this framework, the scat-
tering amplitude M, for a bound-electron transition
from the ground state |i) to a final state |f) with energy
wy, induced by LDM-electron scattering, can be written
as

Suv 8wt
my=q* q*
XLt ()Y ue(pe)

€gy Cloop
m} —g* (48772 )

X{fp(Q)i)2né(wy — w),

Miﬁf = gxﬁ)((p),()'yyu)((p)()

= it (p,)y u,(py)

)

where my isthe vector mediator mass, and the trans-
ferred four-momentum is represented as g = (w,Q), with
w and Q denoting the transferred energy and three-mo-
mentum, respectively. The factor TP denotes the had-
ronic loop contribution, which is given by
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Here, m, =938 MeV is the proton mass, and e is the ele-
mentary charge. In this work, we assume universal medi-
ator couplings to quarks, such that the dominant hadronic
loop contribution is generated exclusively by the proton
loop. Consequently, contributions from the dominant
light-meson loops, including pion and kaon loops, cancel
identically (see Ref. [62] for details). Following the
standard treatment in baryon chiral effective field theory
(see, e.g., Ref. [107]), we take the ultraviolet cutoff to be
of the order of the hadronic (or chiral symmetry-break-
ing) scale, A~O(l1 GeV), and choose A=m, as the
benchmark value in our numerical calculations. We fur-
ther set the Euler—Mascheroni constant to y = 0.577.

In the second line of Eq. 3, only the timelike compon-
ent is retained, since the spatial components are sup-
pressed in the nonrelativistic bound-state regime of semi-
conductor electrons, as discussed in Ref. [58]. The elec-
tron density operator in momentum space, p(Q), is- re-
lated to the energy loss function (ELF) of the semicon-
ductor,

m<_6(Ql,a))) - Q2

ST KABQIOLS (w0~ w)
f

(6)

where €(Q,w) is the material dielectric function, which is
isotropic for the silicon detector, i.e., €(Q,w) = €(Q,w). In
this work, we adopt the ELF results-from the DarkELF
package [53].

Using the scattering amplitude, the transition rate of
electronic excitation induced by LDM in the silicon de-
tector can be obtained as

&pf, Moy

F(pe) = Ef:/ @n)’ }4EXE)’(
d’Q <(2EX —w)* - Q? )
@n)’ (Ey—w)

1 €g2.Cloo 2
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where E,(E;) represents the energy of the initial (final)
LDM particle, p,, is the DM—nucleon reduced mass, and
the DM form factor in the last line is defined as

216 (w+E, - E,)
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where m, is the electron mass and « is the fine-structure
constant. In this work, we focus on the light-mediator
case, m} < ¢*, in which the DM form factor is enhanced
at low momentum transfers in semiconductor detectors.
We also define a momentum mdependent LDM-nucleon
Iv‘)(,nggB
n(@®m2+m)?"
Given the differential ﬂux of LDM, do,/dT,
event rate for electronic excitations induced by LDM in
semiconductors can be expressed as

cross section, Oy, =

dR [ [dT, [dQdO, E, ,
— = [ =X [ X (p )6 (B - E, +
dw / or J 4 dT, |p,| (P) 6 (B, ~ Ey+w)
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where pr is the mass density of the target material in sol-
(B =1g)* +ml + w
denotes the minimum LDM energy required to excite an
electron signal with energy .

However, direct plasmon excitation requires addition-
al kinematic conditions. For example, in DM-electron
scattering via a dark photon mediator, the DM velocity
must exceed 0.01¢ [58]. For LDM-electron scattering via
a hadronic loop, the vector mediator—photon mixing in-
duced by the loop does not alter the four-momentum
transfer before and after the loop, making the process
analogous to the dark photon case. Consequently, the kin-
ematic condition for direct plasmon excitation induced by
LDM is the same as that in Ref. [58], namely, v, 2 0.01c.
In this work, we therefore consider two mechanisms cap-
able of producing relativistic DM: boosted DM in a two-
component DM model and cosmic-ray upscattering of
DM (CRDM).

id detectors. The parameter EJ'™ =

A. Boosted Dark Matter in a Two-Component Model

A commonly studied framework for relativistic DM is
boosted DM in a two-component DM model. In this mod-
el, DM consists of two species, xy; and y,, with masses
satisfying m,, > m,,. The lighter DM species, y,, can be
as light as the eV scale, and its population may contrib-
ute to the radiation energy density in the early universe
and modify the effective number of neutrino species dur-
ing Big Bang Nucleosynthesis (BBN). However, the two-
component DM species can decouple from the SM
plasma around the QCD phase transition, resulting in a
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dark-sector temperature T, lower than the neutrino tem-
perature T, because of the annihilation of degrees of free-
dom in the Standard Model (SM) plasma [108, 109].
Therefore, the contribution of the relativistic component
X» to the change in the effective number of neutrino spe-
cies, ANy, during BBN is suppressed by (Tp/T,)* and is
compatible with current constraints [108]. The heavier
DM species, x;, which constitutes the dominant DM
component, does not couple directly to SM particles and
achieves the correct relic abundance through annihilation
into the lighter DM species, y1j1 — x2i2. The mass hier-
archy between the two species imparts a Lorentz boost to
X2, with y,, = m,, /m,,. Thus, the lighter DM species y» is
often referred to as boosted dark matter (BDM), which
can be relativistic depending on the mass splitting
Am, = m,, —m,,. In this work, the BDM y, interacts with
SM particles through the Lagrangian in Eq. 1.

The differential flux of BDM y, from the Galactic
center (GC) can then be calculated by

dDgpy _ L (oV)
dE,,  4mdm’

J(Q)26(E,, —m,,) (10)

where (ov) denotes the thermally averaged annihilation
cross section for y i1 — ya¥x2, and the term 26(E,, —m,;,)
indicates that the annihilation process produces two
monoenergetic BDM particles, y,. The astrophysical
J(Q) factor is defined as the three-dimensional integral of
the DM density over the target solid-angle on the sky,

J(Q) = / dQ / P (r(x,0))dx, (11)
lo.s

where p,(r) denotes the DM density profile, and
the Galactocentric distance is given by r=
\/d2+x*=2xd,cos6. Here, x is the line-of-sight (l.o.s.)
distance from the Earth, d, =8.127 kpc is the distance
from the Sun to the GC, and @ is the angle between the
Earth-GC axis and the l.o.s.

In this work, we adopt the Navarro-Frenk-White
(NFW) DM density profile and follow the results of Ref.
[68]. The all-sky flux of BDM is given by

d®gpym 72 ( (ov) )
=4.0x10 _—
dE,, AU 5% 1076 cmds |
20 GeV \?
x( ) O(E,, —my,). (12)
m)(l

B. Cosmic-Ray Upscattered Dark Matter

In addition to BDM in two-component DM models,
another widely studied relativistic component of the DM
flux arises from cosmic-ray upscattered DM, commonly

referred to as CRDM. In this framework, DM in the
Milky Way halo can be accelerated through scattering
with high-energy cosmic rays.

Accordingly, the differential flux of CRDM can be
written as

do aQ [~ ® do, d®
CRDM :/7/ ds/ dTpp—X Tyn ADp
a7, 47 Jros min my dT, dT,

do,, A"

PdT, dT,”

p o
0
=D—

mX T‘rlnin

(13)

with the differential cross section for DM—proton elastic
scattering evaluated in the rest frame of the DM particles,

da—)(n \ O_—XH|FDM(q)|2F§(q2)

¥ 2m(T, +m,)*
AT, 4 m,T,+12) Tt

+m . =2m,T,T, =T (m,+m)’],  (14)
where T, and T, are the kinetic energies of the CR pro-
ton and the DM particle, respectively. For light nuclei
such as the proton, the nucleon form factor is often para-
meterized by the dipole form

1

F[)(qz) = m,
P

(15)

where A, ~ 770 MeV is associated with the proton charge
radius. The minimum kinetic energy of the proton is

2
T;ﬂin_(ﬂ_mp) 1+ 1+&Lm)()z . (16)
2 YUY (2mp—TX)

where the + (—) sign corresponds to 7, > 2m, (T, < 2m,,).
For T, =2m,, the minimal kinetic energy is given by
/mymy (m, +m,).

In this work, we consider only the contribution from
the local interstellar (LIS) proton spectrum, which can be
parameterized as  d®;"/dT, = 4n(dR,/dT,)(dl,/dR)),
where R, denotes the CR proton rigidity [110]. The con-
tribution from DM-—electron scattering is suppressed by
the proton loop and can therefore be neglected. We also
assume a homogeneous CR distribution and define the ef-

/ 0 dsdQ, which evalu-
47Tp0 lo.s

ates to D =8.02kpc under the assumption of an NFW
DM profile with local density p, = 0.4 GeV/cm? and a
l.o.s. integration up to 10 kpc [75]. An inhomogeneous
CR distribution over a larger volume would result in a
larger effective distance and thus a higher CRDM flux
[77, 111]; however, this is beyond the scope of this work.

fective distance as D =
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1. RESULTS

To more clearly illustrate the electronic excitation in-
duced by BDM and CRDM in a silicon detector, the top
panel of Fig. 2 shows the differential event rate dR/dw
for 1 keV BDM (solid line: m,, =1 MeV, m,, =1 keV)
and CRDM (dashed line), assuming a DM—nucleon scat-
tering cross section of &, = 1072 cm?. The event rates
exhibit a pronounced enhancement in the region
10eV <w<25eV for both BDM and CRDM. This en-
hancement is consistent with the plasmon excitation re-
gion shown in Fig. 1 of Ref. [58] and with observations
from electron energy loss spectroscopy [112].

— BDM(x107%)
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7
>
(5]
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Fig. 2. Top panel: Differential event rate dR/dw as a func-

tion of the deposited energy w; Bottom panel: Event rate Ry
as a function of the ionization charge Z. The solid lines de-
note the BDM case with m,, =1 MeV, m,, =1 keV, and a
thermally averaged annihilation cross section of (ov)=5x
107 cm?®/s. The dashed lines show the results for 1 keV
CRDM. The benchmark DM-nucleon scattering cross section

is 7, = 10732 cm?.

For semiconductor detectors such as the SENSEI and
DAMIC-M experiments, the electronic excitation signal
is observed through secondary electron-hole pairs, and its
relationship with the differential event rate is as follows:

Rz = / de(le)%, (17)

where Z denotes the ionization charge corresponding to
secondary electron—hole pairs. The function P(Z|w) de-
notes the pair-creation probability distribution, which rep-
resents the probability of producing Z ionization pairs
for a given deposited energy w. Moreover, this probabil-
ity depends on temperature. In this work, we use the res-
ults for P(Z|w) at 100 K from Ref. [113], which is close
to the operating temperatures of the SENSEI and DAM-
IC-M experiments. The corresponding band gap energy
and mean energy per pair are E,,, = 1.16 eV and € =3.75
eV, respectively. Thus, for the study of plasmon excita-
tion, we focus on deposited energies o ranging from E,,,
to 50 eV. The bottom panel of Fig. 2 shows the event rate
Rz as a function of the ionization charge Z. The plas-
mon excitations induced by BDM and CRDM via a had-
ronic “loop are found to lie in the range of 3-6
electron—hole pairs.

The SENSEI experiment has recently reported multi-
electron results, observing four 3e~ events and zero
events in the 4—6¢~ range, with an unmasked-pixel expos-
ure of 100.72 gram-days [94]. The corresponding 90%
confidence level (C.L.) upper limits on the number of
events and the effective exposures are summarized in Ta-
ble I. Furthermore, the DAMIC-M experiment has repor-
ted one 4e” event with an exposure of 1.3 kg-days [50],
which is consistent with the results of the SENSEI experi-
ment. However, we do not present the corresponding con-
straints from the DAMIC-M experiment in this work be-
cause of the lack of effective exposure information.

Table 1. The 90% C.L. upper limits on the number of ob-
served events in the 3—6e~ range are taken from the SENSEI
experiment [94].

Tonized Charge Z Exposures (gram-days) Event Number
3e” 57.71 8.6
4e” 63.03 23
5e” 65.56 2.3
6e” 67.31 2.3

By combining the experimental results with the theor-
etical event rate in Eq. 17, we derive the 90% C.L. exclu-
sion limits by requiring that the predicted number of
events not exceed the observed limits. For the BDM scen-
ario in the two-component model, we first present the ex-
clusion limits from each of the 3—6¢~ bins in the &,,-Am,
plane, as shown in Fig. 3, to investigate the impact of the
boost factor of BDM y,. In the top panel, the mass of the
heavier component is fixed at m,, =1MeV, while the
lighter component mass m,, is varied from the keV to the
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Fig. 3.
LDM-nucleon scattering cross section &, are shown as func-

The 90% confidence-level exclusion limits on the

tions of the mass splitting Am, = m,, —m,, in the two-compon-
ent BDM model. Top panel: results for a fixed heavier-com-
ponent mass of m,, = 1 MeV. Bottom panel. results for a fixed
lighter-component mass of m,, = 1 keV.

MeV scale. We find that the constraints become weaker
as Am, decreases, corresponding to a larger m,,. This be-
havior arises because the electronic excitation rate in Eq.
9 scales approximately with the inverse square of the re-
duced mass, Roc1/u}, ~1/m} . By contrast, in the bot-
tom panel, the lighter component is fixed at m,, = 1 keV,
and the mass of the heavier component is varied. The
mass of the heavier component affects the electronic ex-
citation rate not only through the BDM flux (Eq. 12) but
QE ~w)-0* .

T 42 Eq. 9. For
Am, > m,,, the factor § remains)(af)(proximately constant.
However, as Am, or m,, decreases, the factor S becomes
suppressed by m,, , leading to a change in the slope of the
exclusion limits around Am, ~20keV. This trend ceases

also via the factor S =

once the mass splitting becomes too small to produce
(semi-)relativistic BDM, i.e., v, > 10~%c. Moreover, the
results in Fig. 3 indicate that the strongest constraint
arises from the 5S¢~ observation in the SENSEI experi-
ment. Therefore, in the following discussion, we focus on
the constraint from the 5S¢ bin.

In Fig. 4, we present the 90% C.L. constraints on the
LDM-nucleon cross section &, as a function of the DM
mass m, (or m,,) for both the BDM and CRDM scenari-
os. For the two-component BDM case, we consider two
benchmark values = for the heavier component,
my, =1 MeV (dashed blue line) and m,, =0.1 MeV (solid
blue line), motivated by the results in Fig. 3. As shown in
the figure, smaller values of m,, lead to more stringent
constraints on the, BDM-nucleon scattering cross section,
consistent with the trend observed in the bottom panel of
Fig. 3. The exclusion limit from CRDM-induced plas-
mon excitation (red line) is similar to that obtained for the
two-component BDM scenario with m,, =1MeV. Sever-
al cosmological and astrophysical constraints are also
shown in this parameter space, including those from the
CMB measured by Planck 2015 [114, 115] (purple),
Milky Way satellite galaxies [116] (green), and the Ly-
man-a forest [117] (yellow). A large DM-nucleon cross
section can suppress the DM flux reaching the detector
through interactions with the Earth, thereby reducing the
experimental sensitivity. A typical reference value for
this cross section is O(1072%) cm? [118, 119]. Our results

10—22
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10—24
10725

& 10726

L 1077

1lites

I
be 10728 Milky Way Sate

10—29 L
V.

107%° —— CRDM 3
10-% —— BDM (m,, = 1 MeV) ]
—— BDM (m,, = 0.1MeV)
1073215 = =i 0
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Fig. 4. The 90% C.L. upper limits on the LDM-nucleon

scattering cross section &, are shown as a function of the DM
mass. The red line corresponds to CRDM, whereas the dashed
and solid blue lines represent the two-component BDM scen-
ario with m,, =1MeV and m,, =0.1 MeV, respectively. For
comparison, existing cosmological and astrophysical
straints are also shown: CMB constraints from Planck 2015
[114, 115] (purple), Milky Way satellite galaxies [116]
(green), and the Lyman-a forest [117] (yellow).

con-
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provide new exclusion limits on the LDM-nucleon scat-
tering cross section based on the observation of electron-
ic collective excitation. Finally, the light mediator V is
subject to constraints from fifth-force searches [120],
neutron scattering and neutron-optics experiments [121],
and other probes [122, 123]. For the light-mediator mass
range my < 1 keV considered here, laboratory experi-
ments constrain the gauge coupling to gz< 107 at
my ~20eV [123]. In our work, for m,, =1keV and
g, =1, the BDM limits on gz are gz<2.5x10° and
2.5%x107" for m, =1 and 0.1 MeV, respectively. For
CRDM with m, =1keV, the corresponding limit is
g5 <1.8%107°.

IV. CONCLUSIONS

In this work, we investigated a class of leptophobic
dark matter models in which tree-level DM-electron in-
teractions are absent, whereas hadronic loop effects can
effectively induce DM-electron scattering. These loop-in-
duced interactions allow leptophobic dark matter to pro-
duce electronic excitation signals in dark matter detect-

ors, particularly collective excitations (plasmons) in semi-
conductors. Such signals, in turn, provide constraints on
the DM-nucleon scattering cross section through elec-
tronic signal measurements. To demonstrate the potential
reach of this mechanism, we considered two representat-
ive relativistic dark matter scenarios: boosted dark matter
in a two-component model and cosmic-ray upscattered
dark matter. Both models naturally yield dark matter with
velocities sufficiently high to excite plasmons in semi-
conductor targets. Using currently available experimental
data, we derived new 90% confidence-level exclusion
limits on the spin-independent DM-nucleon cross section
for dark matter masses ranging from the keV to MeV
scales. Our study shows that electronic collective excita-
tions can serve.as a powerful probe of leptophobic dark
matter, extending the sensitivity of direct detection bey-
ond the capabilities of conventional nuclear-recoil-based
searches. Future detectors with lower thresholds and lar-
ger exposures will further enhance this potential, opening
new.opportunities to explore sub-GeV leptophobic dark
matter through electronic signals.
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