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It was recently shown that standard sub-GeV dark matter candidates can be effectively probed by large
neutrino observatories via annual modulation of the total photomultiplier hit rate. That work focused on the
production of light by the excitation of scintillator molecules and considered the JUNO detector, surpassing
limits from dedicated dark-matter detectors and reaching theoretical targets. Here, we significantly
generalize that work, now also taking into account ionization channels and extending the analysis to other
liquid-scintillator detectors, including SNO+, Daya Bay, Borexino, and KamLAND. Last, we present a call
to action: with multiple detectors achieving competitive sensitivity, there is an opportunity to validate this
new technique across experiments and to refine it using each detector’s strengths.
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I. INTRODUCTION

Sub-GeV dark-matter (DM) candidates are attracting
strong interest, driven by compelling theoretical motiva-
tions and wide swaths of unexplored parameter space
[1–7]. The main obstacle for direct detection at low masses
is that nuclear recoil energies become too small for current
technologies. This has shifted attention to other avenues,
such as DM-electron scattering, which features more
favorable kinematics, as well as a broad range of new
experiments, including novel uses of superconductors,
superfluids, organic targets, quantum devices, and more
[8–49]. Despite these advances, achieving the large expo-
sures needed for a decisive discovery remains an open
challenge.

In principle, one way to increase exposure is to take
advantage of the huge volumes of neutrino detectors,
some of which are on the kiloton scale, as opposed to the
ton scale of DM detectors. However, neutrino detectors
are designed to look for events that reach typical deposited
energies on the order of MeV and produce a specific hit
pattern on many photomultiplier tubes (PMTs). For
standard DM scattering, nuclear recoils are at the keV
scale and electron recoils are at the eV scale. Therefore, to
overcome thresholds, DM searches using neutrino

FIG. 1. Diagram showing DM-induced excitation (prior work
[72]) and ionization (this work) in organic scintillator molecules,
leading to detection by PMTs in a neutrino observatory.
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detectors have focused on specific cases such as heavy or
boosted DM [50–71].
That changed with Ref. [72], which pointed out that

neutrino observatories can be repurposed as DM direct
detection experiments even for standard DM scenarios.
This can be achieved by taking advantage of DM directly
exciting target molecules in the observatory and producing
enough fluorescence light in aggregate over many DM
scatterings to be detected over the dark rate (i.e., inherent
noise) of the PMTs. Because this approach does not rely on
MeV-scale events or a pattern of PMT hits, the main factors
that determine the detection of a DM signal are the
excitation thresholds of the target, and the production
and propagation of light in the detector medium. The
organic liquid scintillators used by many neutrino detectors
have lower excitation thresholds than the noble liquids used
by many dedicated DM detectors, making them optimal in
this regard [72]. Although the noise of the PMTs in
neutrino detectors is large relative to the DM signal, this
challenge can be reduced by using the annual modulation
of the DM velocity relative to Earth. In Ref. [72], these
techniques were used to compute the projected sensitivity
to the DM-electron cross section from the fluorescence
of bound-state molecular transitions in neutrino detectors,
with an emphasis on the Jiangmen Underground Neutrino
Observatory (JUNO).
In this paper, we improve the fluorescence treatment, and

we additionally calculate the contribution of ionization to
the DM signal rate, which adds sensitivity especially for
larger DM masses in the case of a heavy mediator. Figure 1
shows the DM signal from both excitation and ionization.
We also extend the combined analysis to other liquid
scintillators, namely, SNO+, Daya Bay, Borexino, and
KamLAND. We show that all five neutrino detectors have
competitive sensitivity to sub-GeV DM. The value in this
lies not only in improving the sensitivity, but also in the
opportunity for multiple experiments to verify each other’s
results (with differing site-/detector-specific systematics)

and for each detector to independently refine this new
technique.
This paper is organized as follows. In Sec. II, we

review the liquid scintillators mentioned above. In
Sec. III, we calculate the signal rate from excitation and
ionization, including a discussion of detection efficiency. In
Sec. IV, we present the resulting sensitivity. We conclude in
Sec. V with a summary of our results and a discussion of
the importance of improving and implementing this
technique.

II. REVIEW OF NEUTRINO DETECTORS

We now discuss each of the neutrino detectors we
consider. We focus on liquid-scintillator based detectors
due to their high light yield and detection efficiency. Table I
summarizes the primary features of each detector.

A. JUNO

JUNO [73,74] is located 700 m underground in
southern China and began collecting data in 2025
[75,76]. In our results for JUNO, we assume a nominal
runtime of 10 years. JUNO is well-equipped to achieve its
goals of studying the neutrino mass ordering and other
fundamental neutrino properties. Its detector consists of a
35-m diameter spherical acrylic vessel containing
20,000 tons of target material.
The primary target is linear alkyl benzene (LAB). Each

LAB molecule is made up of carbon and hydrogen
atoms arranged in a benzene ring with an alkyl chain.
Its chemical formula is C6H5CnH2nþ1, where n is 10–13 for
JUNO [77]. To be conservative, we set n ¼ 10 when
determining the number of atoms in each LAB molecule.
In addition to LAB, there are small portions of other
substances: 2.5 g/L of 2,5-diphenyloxazole (PPO) as the
primary fluor and 3 mg/L of p-bis-(o-methylstyryl)-ben-
zene (bis-MSB) as the secondary wavelength shifter
[78,79]. The target material is surrounded by 17,612

TABLE I. Comparison of neutrino detector properties. The primary target in each detector is linear alkylbenzene (LAB),
pseudocumene (PC), or dodecane. For KamLAND, the target mass and number of molecules are split by the PC and dodecane
components. The efficiencies, light yields, and photoelectron yields are discussed in Sec. III D. For JUNO, we assume a nominal runtime
of 10 years. For the other detectors, we use the data collection periods to date.

Property JUNO SNO+ Daya Bay Borexino KamLAND

Main target LAB LAB LAB PC PC Dodecane
Target mass [tons] 20,000 780 320 278 200 800
Number of molecules 5 × 1031 2 × 1030 8 × 1029 1.3 × 1030 9.1 × 1029 2.6 × 1030

Dark rate [Hz] 6 × 108 107 2.3 × 106 8.8 × 105 1.3 × 107

PMT coverage (X) 0.78 0.54 0.12 0.34 0.34
Efficiency (Y) 0.28 0.14 0.22 0.30 0.20
Light yield (LY) [γ=keV] 10 11.9 10 11.5 8
Photoelectron yield (PE) [e−=keV] 1.7 0.3 0.165 0.5 0.3
Runtime (years) 10 3 9 14 23
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20-inch PMTs and 25,600 3-inch PMTs, with a total
effective wall coverage of 78% [73]. The total dark rate
in JUNO is roughly 6 × 108 Hz [80–82].

B. SNO+

As the successor to the Sudbury Neutrino Observatory
(SNO) [83], SNO+ [84,85] is located 2 km underground at
the SNOLAB facility in Sudbury, Canada and uses much of
the SNO infrastructure. SNOþ has been in its liquid
scintillator phase since 2022 [86]. Its main purpose is to
search for neutrinoless double beta decay, but it is also
sensitive to geoneutrinos, reactor antineutrinos, solar neu-
trinos, and supernova neutrinos. The main component of
the detector is a 6-m radius acrylic vessel filled with target
material, which is 780 tons of LAB doped with 2.2 g/L of
PPO. In late 2023, 2.2 mg/L of bis-MSB was also added to
the scintillator [87]. The target volume is surrounded
by 9,362 8-inch PMTs, with an effective wall coverage
of 54% [86]. Each PMT has a dark rate of about 1 kHz,
leading to a total dark rate of ∼107 Hz [88]. In the
upcoming tellurium phase, a small concentration of natural
tellurium (0.5% by mass) will be added to the scintillator
[86]. Note that this will decrease the light yield by a few
tens of percent [89].

C. Daya Bay

The Daya Bay reactor neutrino experiment detectors
[90–93] are located in Shenzhen, China, with depths
ranging from 250–860 meters water equivalent. During
its runtime between 2011 and 2020, Daya Bay’s primary
goal was to measure the neutrino oscillation parameter
sin2ð2θ13Þ at high precision from inverse beta decay
events. Daya Bay detects antineutrinos from six nuclear
reactors, and is made up of four pairs of underground
antineutrino detectors distributed across three experimental
halls, located between 300 m and 2 km from the nuclear
reactors.
Each of the eight antineutrino detectors is cylindrical and

has three zones nested within each other. The outer 5-m
radius zone is a stainless steel vessel that houses the PMTs
and is filled with mineral oil to protect the inner zones from
radiation. The middle zone is an acrylic vessel with a radius
of 4 m, filled with LAB. Finally, the innermost zone (the
fiducial volume for reactor studies) is a 3-m acrylic vessel
containing LAB doped with gadolinium. Because our
search is sensitive to the total PMT rates, our target volume
includes both the innermost and middle zones, providing a
total of 320 tons of target material among the eight
detectors. There are also 3 g/L of PPO and 15 mg/L of
bis-MSB in the target medium as primary and secondary
fluors, respectively [94]. Daya Bay has 1,536 PMTs, which
provide an effective wall coverage of 12% [95]. Each PMT
has a dark rate of 1.5 kHz [96], producing a total dark rate
of ∼2.3 × 106 Hz.

D. Borexino

Borexino [97,98] is located in the Laboratori Nazionali
del Gran Sasso in Italy, at a depth of 3800 meters water
equivalent. It collected data from 2007 to 2021, and its
physics objectives focused on the detection of low-energy
solar neutrinos. In Borexino, the target medium is com-
posed of pseudocumene (PC, 1,2,4-trimethylbenzene)
doped with 1.5 g/L of PPO. Like LAB, PC is a ben-
zene-based aromatic hydrocarbon, and its chemical formula
is C9H12. The 278-ton target material is contained in a
spherical 4.25-m nylon vessel, surrounded by 2212 internal
PMTs with a wall coverage of 34% [99]. Each PMT has a
dark rate of about 400 Hz, resulting in a total dark rate of
8.8 × 105 Hz [97].

E. KamLAND

The Kamioka Liquid-scintillator AntiNeutrino Detector
(KamLAND) [100–102] is located 1 km underground in
Kamioka, Japan. KamLAND has been collecting data since
2002, with the goal of studying low-energy neutrino
oscillations by detecting reactor antineutrinos. The
KamLAND detector consists of a 13-m diameter sphere
made of nylon and ethylene vinyl alcohol, filled with one
kiloton of the target material. In KamLAND, the target
medium is 80% dodecane (a linear alkane with the chemical
formula C12H26) and 20% PC, doped with 1.36 g/L of PPO.
In 2011, the KamLAND detector was updated to

incorporate the KamLAND-Zen double-beta decay experi-
ment [103]. A 1.5-m radius balloon, holding 13 tons of
xenon-loaded liquid scintillator, was inserted into the
detector. However, KamLAND continues to run normally
[104,105]. For our purposes, it is not necessary to include
the xenon component of KamLAND-Zen in our analysis.
Although the liquid scintillator in the balloon has a similar
ratio of dodecane to PC as the main KamLAND detector,
and this material could in principle be incorporated into the
target volume, there would only be a ∼1% gain. Moreover,
the xenon itself would not contribute to increasing the light
yield or improving detector efficiency.
The spherical vessel containing the target material is

enclosed by mineral oil to protect the inner components
from radiation. The oil is surrounded by 1,325 17-inch
PMTs and 554 20-inch PMTs, with a total PMT wall
coverage of 34% [100]. Each PMT has a dark rate of 7 kHz
[106], giving a total dark rate of 1.3 × 107 Hz.

III. DARK MATTER SIGNAL RATE
CALCULATION

We now calculate the signal rate of PMT hits originating
from DM-induced excitation and ionization events.

A. Total event rate

Liquid scintillator detectors are sensitive to particle
energy depositions in two distinct ways. First, if the recoil
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energy of the DM scattering is less than the ionization or
dissociation threshold, the molecule can undergo an inter-
nal electronic excitation, producing a photon emission
signal in the form of fluorescence. Second, more energetic
DM particles may also ionize the molecule. The relaxation
of many ionized molecules or atoms can lead to a burst of
light that generates a signal in the form of scintillation.
The total event rate is given by the sum of the excitation

and ionization contributions,

Rtot ¼ Rexc þ Rion; ð1Þ

where Rexc is the event rate due to transitions between
ground and excited electronic states, and Rion is the event
rate from ionization.

B. Excitation rate

Following Ref. [72], we calculate the total event
rate from excitation for spin-independent DM-SM inter-
actions as

Rexc ¼ ξexc
Nexc

T ρχσ̄e
8πmχμ

2
χe

X

i;j

Z
d3q
q

ηðvijminÞF2
DMðqÞjfijðq⃗Þj2;

ð2Þ

where mχ is the DM mass, ρχ ¼ 0.4 GeV=cm3 is the local
DM density, μeχ is the DM-electron reduced mass, σ̄e is the
DM-electron cross section, Nexc

T is the number of targets,
and ξexc is the efficiency factor. In the summation, the
indices correspond to the transitions between the bound
states i and j. The three functions in the momentum transfer
q integral are the excitation form factor fijðq⃗Þ, the DM
form factor FDM, and the mean inverse velocity of the DM
ηðvijminðqÞÞ. We now detail each of these terms separately.
The material properties are encapsulated by the form

factors fijðq⃗Þ. For LAB and PC, we use the form factor of
benzene, because the transitions that occur for electrons in
the benzene ring are expected to dominate [28,72]. We use
the excitation form factor for benzene from Ref. [28],
which was developed to agree with UV spectroscopy. The
molecular orbital model is based on semiempirical post-
Hartree-Fock calculations. The electron-electron interac-
tion is taken into account via configurational interactions,
leading to states of known symmetry that are described by
combinations of Slater determinants [107,108]. The ener-
gies of the transitions are adjusted to fit the experimentally
determined UV absorption bands of the benzene-based
scintillator [109].
We adopt a conservative accounting of target electrons in

the case of excitation (fluorescence). Because the primary
character of the fluorescence in substituted benzenes comes
from π → π� transitions in the aromatic ring, we do not
include electrons that are either in the core shells of the
atoms or in sp3 hybridized orbitals. In other words, only

electrons that participate in the aromatic bonding of the
benzene ring contribute to our calculated fluorescence
rates. In the benzene ring, there are six such electrons that
are delocalized and participate in the dominant transitions.
Therefore, the number of target electrons here is
Nexc

T ¼ 6Nm, where Nm is the number of target molecules.
For KamLAND, which contains PC and dodecane, we
consider excitation only with PC, as dodecane is not
benzene-based.
The particle physics model is encapsulated by the DM

form factor FDMðqÞ, which contains the momentum
dependence of the nonrelativistic amplitude Meχ of DM
scattering off free electrons [8,110],

jFDMðqÞj2 ¼ jMeχðqÞj=jMeχðαmeÞj: ð3Þ

It is standard to define σ̄e as

σ̄e ≡ μ2eχ
16πm2

χm2
e
jMeχðαmeÞj2; ð4Þ

where the bar indicates evaluation at q ¼ αme, where α
is the fine structure constant, and me is the electron
mass. To remain model-independent, we consider generic
DM form factors for heavy (FDMðqÞ ¼ 1) and light
(FDMðqÞ ¼ ðαmeÞ2=q2) mediators, corresponding to medi-
ators with masses much greater or much less than q ∼ keV,
respectively.
Finally, ηðvminÞ is the mean inverse velocity of the DM

above a threshold velocity vmin, expressed as [10]

ηðvminÞ ¼
Z

d3v gχðv⃗Þ
1

v
Θðv − vminÞ; ð5Þ

where gχðv⃗Þ is the spherically symmetric velocity distri-
bution of DM in the halo. Typically, gχðv⃗Þ is described by a
Maxwell-Boltzmann distribution written as

gχðv⃗Þ ¼
1

K
exp

�
−
jv⃗þ v⃗Ej2

v20

�
Θðvesc − jv⃗þ v⃗EjÞ; ð6Þ

where vesc ¼ 600 km=s is the Milky Way escape velocity,
vE ¼ 240 km=s is the Earth’s velocity in the Milky Way
rest frame, and v0 ¼ 230 km=s is the local mean DM
velocity. The normalization constant K is determined by
imposing

R
d3vgχðv⃗Þ ¼ 1. The minimum DM velocity vijmin

required for the DM to deposit an energy Ed onto the
electron is

vijmin ¼
Ed

q
þ q
2mχ

; ð7Þ
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where Ed ¼ ΔEij is the energy required for the transition
i → j to occur.
To obtain the minimum and maximum values of q, we

determine the values of q for which vijmin is equal to the
maximum possible DM velocity, vE þ vesc. When all of the
DM’s kinetic energy is transferred to the electron, this sets
the upper bound Ed <

1
2
mχðvE þ vescÞ2 ≡ Emax

d . The mini-
mum energy Emin

d is the excitation threshold energy.
Requiring Emax

d > Emin
d sets a lower bound on mχ for

sensitivity to excitation,

mχ ≳ 0.26 MeV

�
2.8 × 10−3

vE þ vesc

�
2
�
Emin
d

eV

�
≃ 1.3 MeV; ð8Þ

where in the last equality we have specified Emin
d ≃ 5 eV,

corresponding to the minimum excitation energy for the
benzene-based targets we consider. It is worth noting that
the specific transition energies and shape of the form
factors for the organic scintillators used in these experi-
ments will be somewhat different from our model. The
simplified modeling on these materials is expected to
dominate the uncertainty of the signal rate near the
minimum visible DM mass.

C. Ionization rate

The ionization rate for spin-independent DM-electron
interactions is

Rion ¼
Z

ξionðEerÞ
dRion

d lnEer

1

Eer
dEer; ð9Þ

where Eer is the electron’s recoil energy after ionization,
dRion
d lnEer

is the differential ionization scattering rate, and
ξionðEerÞ is the energy-dependent ionization efficiency
factor. The differential scattering rate for DM-electron
ionization is [8,110]

dRion

d lnEer
¼ ρχσ̄e

8mχμ
2
eχ
FFermiðk0Þ

X

i

Ni
T

Z
jfiionðEer; qÞj2

× jFDMðqÞj2ηðvminðEdÞÞqdq; ð10Þ

where the differences from the excitation rate lie in the
Fermi factor FFermiðk0Þ (discussed below), the number of
targets Ni

T , the ionization form factor fiionðEer; qÞ, the
deposited energy Ed, and the replacement of ξexc with
ξionðEerÞ in Eq. (9). Moreover, instead of considering
transitions between molecular orbitals, for ionization we
focus on each atom individually. Prior to scattering, the
electron is in a bound atomic state i. When the DM scatters
off the electron, the electron may be ionized to a final state
with momentum k0, assuming there is enough energy for
ionization to occur.

Considering that each state i may have a different
number of target electrons, we compute the total number
of targets Ni

T for ionization as

Ni
T ¼ Ni

e · Na · Nm; ð11Þ

where Ni
e is the number of electrons in state i, Na is the

number of atoms in the target molecule, and Nm is the
number of target molecules in the detector (see Table I). For
the targets we consider in Sec. II (LAB, PC, dodecane), the
bound states i refer to the atomic orbitals of the carbon
atom (1s, 2s, 2p) and the hydrogen atom (1s).
The ionization form factor parametrizes the probability

of absorbing momentum q, during the transition from an
initial state Ψi to an ionized state Ψion,

jfiionðEer; qÞj2 ≡ δðEd − ðEer − Ei
bÞÞ

×

����
Z

d3r e−iq·rΨ�
ionðrÞΨiðrÞ

����
2

; ð12Þ

where the outgoing ionized wave function is approximated
by a plane wave, Ψion ∝ exp fik0 · rg. In Eq. (12), Ed ¼
Eer þ Ei

ion is the energy deposited by the DM, Ei
b is the

binding energy of the initial bound state i, and Ei
ion ¼ −Ei

b
is the corresponding ionization energy. As in Ref. [49],
we adopt a simplified model of molecules where the
momentum is large enough to localize the interaction to
a single atom, which occurs when q ≫ 2=a0 ≈ 7 keV.
Such is the case when the outgoing electron has keV-scale
kinetic energy, which corresponds to the typical electron
energy that produces a signal. With Eer ∼ keV, q≈ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEer

p ≳ 30 keV. We can then approximate the initial
state Ψi with a simple atomic orbital, which takes the form
of an electronic wave function Ψi;nlmðrÞ≡ YlmðΩÞχnlðrÞ,
where the radial function is

χnlðrÞ ¼
X

j

cjlnNjlrnjl−1 expð−ZjlrÞ: ð13Þ

These are Roothaan-Hartree-Fock radial wave functions
expanded as a sum of Slater-type functions, with quantum
numbers n and l, expansion coefficients cjln, normaliza-
tion constants Njl, and effective charges Zjl. We obtain
cjln, Njl, and Zjl from the tables in Ref. [111].
Because the final state of the electron after ionization can

be approximated as a plane wave, its final momentum is
k0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2meEer
p

. The ionization form factor is then [110]

jfiionðk0; qÞj2 ¼
ð2lþ 1Þk02

4π3q

Z
k0þq

jk0−qj
dk kjχ̃nlðkÞj2; ð14Þ

where χ̃nlðkÞ is the Fourier transform of the radial wave
function [112]. Note that the integral in Eq. (14) needs to be
normalized such that

R∞
0 dk k2jχ̃nlðkÞj2 ¼ ð2πÞ3. The form
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factor for each of the carbon orbitals can be calculated
using Eq. (14); the hydrogen form factor is written in its
closed form as per Ref. [113].
Figure 2 shows the ionization form factors for carbon

orbitals and hydrogen. These form factors are evaluated at
recoil energy Eer ¼ 15 eV for easier comparison with
Ref. [110]. For reference, Fig. 2 also shows the minimum
momentum transfer qmin needed for DM masses of mχ ¼
10 MeV and mχ ¼ 100 MeV to ionize an electron in the
weakest carbon bound state (2p) and have Eer ¼ 15 eV of
leftover energy. For heavier DM, more of the form factor’s
peak is included as a result of the greater energy imparted to
the electron at a particular speed. As Eer increases, both the
form factor peak and qmin shift to slightly larger momentum
transfers.
The Fermi factor FFermiðk0Þ accounts for the wave

function distortion of the ionized electron due to the
presence of the nearby charged ion. The Fermi factor is

FFermiðk0Þ ¼
Ψ̂ionðr ¼ 0Þ
Ψionðr ¼ 0Þ ≈

2πν

1 − expð−2πνÞ ; ð15Þ

where Ψ̂ is the exact ionized wave function
and ν ¼ αmeZeff=k0, where Zeff is the effective charge
felt by the electron, which we set to Zeff ¼ 1 to be
conservative [49,110].
In the same way that we determined the minimum DM

mass required for excitation in Eq. (8), we can also find the
minimum DM mass for ionization by replacing the mini-
mum deposited energy Emin

d with the lowest ionization
energy of all atomic orbitals. Therefore, we now set

Emin
d ≃ 12 eV, corresponding to the ionization energy of

the 2p orbital in carbon. This leads to a minimum DMmass
of about 3 MeV.
Following the arguments in Ref. [10], we can use

fundamental kinematic principles to understand the rel-
evant scales in DM-electron scattering. Because the elec-
tron’s mean velocity (∼10−2) is roughly an order of
magnitude larger than the DM’s mean velocity (∼10−3),
the relative velocity between the two particles is dominated
by the electron’s velocity. Therefore, the scale of q is set by
the electron’s momentum, pe ¼ meve ∼meα ∼ keV.
Another relevant scale to consider is that of the deposited
energy Ed, which can be related to q via energy con-
servation,

Ed ¼ q⃗ · v⃗ −
q2

2mχ
: ð16Þ

Assuming v ∼ 10−3, q ∼ keV, and mχ ≫ MeV, the first
term on the right in Eq. (16) dominates and Ed ∼ qv ∼ eV.
This implies that Ed ≳ eV requires v and pe to be on the
upper ends of their respective distributions.
Figure 3 shows the differential scattering rate given by

Eq. (10) for different DM masses, in the heavy mediator
case (left panel) and the light mediator case (right panel).
While the differential rate includes a wider range of recoil
energies Eer for the heavier DM mass, the high Eer have a
negligible contribution to the total rate, as the peak occurs
at low Eer. Thus, the lighter DM mass achieves a greater
total rate due to its larger number density, producing a
higher peak in the differential rate.

D. Light yield and detector efficiency

The efficiency factors ξexc and ξionðEerÞ convert depos-
ited energy into an expected detected signal by combining:
(i) the intrinsic scintillation/fluorescence yield of the
medium, and (ii) the detector response from photon
transport through the scintillator to photoelectron (PE)
production in the PMTs. We encapsulate the latter with
the ratio PE=LY, where LY is the intrinsic scintillation
light yield (photons/keV) and PE is the measured photo-
electron yield (PE=keV), so that PE=LY summarizes all
optical and PMT effects (coverage, quantum efficiency,
absorption/reemission, attenuation, etc.).
For excitation, the efficiency factor is

ξexc ¼
PE
LY

Q; ð17Þ

where Q is the fluorescence quantum yield of the detector
medium. We take Q ¼ 0.2 for LAB and Q ¼ 0.4 for PC
[114]. These values are more accurate than the conservative
generic choice Q ¼ 0.1 adopted in Ref. [72], and they
account for the corresponding improvement of the excita-
tion sensitivity relative to that work.

FIG. 2. Ionization form factor for each orbital at recoil energy
Eer ¼ 15 eV. The dashed lines correspond to the minimum
momentum transfer qmin for mχ ¼ 10 MeV and mχ ¼ 100 MeV.
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In practice, if the fluor concentration is sufficiently high,
nonradiative energy transfer from the solvent to the fluor
can enhance reemission relative to the solvent quantum
yield alone [115]. For example, in SNOþ the LAB → PPO
transfer efficiency was measured to be 78% at 2 g/L [84];
multiplying by the PPO quantum yield (0.84) [114] gives
an effective reemission probability of ≃0.65. Quantifying
this effect for each detector would require in situ measure-
ments of transfer efficiencies and compositions, so for
conservatism and uniformity we retain the medium-specific
choices for Q quoted above.
For ionization, the light yield is determined in a different

way. The scintillation arises from the propagation of the
ionized electron through the medium, producing photons at
a rate set by the light yield. The expected detected signal
therefore scales with the total number of scintillation
photons produced, LY × Eer, giving

ξionðEerÞ ¼
PE
LY

ðLY × EerÞ; ð18Þ

i.e., ξionðEerÞ is the expected number of detected photo-
electrons from an electron recoil of energy Eer. Liquid
scintillators typically have LY ∼Oð10Þ photons/keV
(Table I) [84,101,116–118], with an overall uncertainty
at the ∼10% level [84,117,119].
The measured photoelectron yields used in Table I are

taken from Refs. [75,87,98,100,118,120–125]. Since these
detectors typically achieve PE≲Oð1Þ PE=keV, a recoil
must deposit ∼ keV-scale energy to produce an Oð1Þ-PE
signal, motivating the keV-scale effective thresholds
assumed in our detectability estimates.

Table I also lists the factors X (PMT wall coverage) and
Y (spectrally averaged PMT response, including quantum
efficiency and emission/absorption effects) as defined in
Ref. [72]. The product X × Y represents approximately the
same end-to-end photon-to-PE acceptance captured by
PE=LY. We find PE=LY and X × Y agree within a factor
of ∼3 across detectors, providing a useful consistency
check. We nevertheless adopt PE=LY in our baseline
treatment because it is anchored directly to the measured
PE yield and thus automatically incorporates detector-
specific effects that may not be fully captured in a
simplified X × Y decomposition.

IV. DARK MATTER SENSITIVITY

As pointed out in Ref. [72], the annual modulation of the
DM velocity relative to Earth can be used to handle the
enormous dark rate of the PMTs in neutrino detectors relative
to the DM signal rate. Because we are interested in the total
number of PMT hits, the dark rate of the PMTs is our
background. The annual modulation of the relative DM
velocity has a distinct phase and peak time frommost sources
of background, making it possible to extract the DM signal.
The relative DM velocity varies sinusoidally throughout the
year by 15 km=s, with the highest speed on June 2 and the
lowest speed on December 2. The annual modulation is then

fmod ¼
Rhigh − Rlow

2R0

; ð19Þ

where R0 is the rate assuming the standard vE ¼ 240 km=s,
and RhighðlowÞ is the rate obtained when adding (subtracting)

FIG. 3. Differential event rate in JUNO from ionization by DM, as a function of the electron recoil energy, for form factors
corresponding to a heavy mediator (left) and a light mediator (right). The differential rate is evaluated at mχ ¼ 10 MeV and mχ ¼
100 MeV for a cross section of σ̄e ¼ 10−35 cm2. Note that there are different axes ranges between the two panels.
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vE by 15 km=s. To set the 95% confidence level (CL)
sensitivity, we use the relation Stot ¼ 2

ffiffiffiffiffiffiffi
Btot

p
=fmod as in

Ref. [72], where Btot is the total background within the
exposure time and Stot is the total rate of detectable DM
scattering events [Eq. (1)] within the exposure time.
It is important to note that the background rates we use

in our simplified calculation here are estimated averages
of the measured dark rates across different PMTs and
times. In practice, the dark rates vary between PMTs and
are not constant in time. In real experiments, one needs to
perform various cleaning and detrending procedures (see
Ref. [72] for details); then a signal can be extracted using
basic statistical methods (see, e.g., Ref. [126]). Multiple
modulating backgrounds are also expected to be present,
but these are sufficiently offset in time from the DM
signal, and can also be measured with independent
diagnostics; see the Supplemental Material of Ref. [72]
for more details.
We again emphasize that we are proposing to use the

scalar PMT hit rate, which is the number of PMT hits per
unit time [72]. Note that this is distinct from the rate of
PMT hits contributing to a triggered event, and requires
negligible data storage. It is standard for neutrino detectors
to record the scalar PMT rate to monitor individual PMTs.
For example, this rate is publicly available for existing
neutrino detectors including Borexino [97], Super-K [127],
and IceCube [128]. It is also expected that JUNO will be
able to record such data.
Figure 4 shows a comparison of the sensitivities from

ionization and excitation in JUNO. In the heavy mediator
case, excitation dominates at smaller DM masses due to
the lower excitation threshold, and ionization dominates at

larger DM masses as a result of the annual modulation
(see the Appendix). For the light mediator case, we find
that including ionization has little effect on the sensitivity.
In fact, the rates for ionization are much lower than for
excitation. This is a result of the lower excitation threshold
relative to ionization, leading to a wider range of
momentum transfers in the excitation case. For the light
mediator, the greater accessibility to lower momentum
transfers from excitation has a significant effect on
the sensitivity due to the 1=q2 scaling of the DM form
factor.
At first, one might expect that the ionization rate would

dominate over the excitation rate at higher DM masses
because ionization includes more possible final states
than specific transitions between bound states. This
would be true if increasing the DM mass continued to
increase the amount of deposited energy at higher
DM masses. However, as pointed out in Sec. III C, the
typical scale of the deposited energy is of order eV. Note
that this fact is mostly independent of DM mass, given
that the electron is the fastest particle in the problem and
thus sets the energy scale. While it is possible for DM
particles and electrons to move more quickly than their
typical speeds and increase the deposited energy, these
scenarios are not as likely. Therefore, more scattering
events result in excitation than in ionization due to the
lower excitation threshold. If there were only one
electron per molecule, excitation would lead to a stronger
sensitivity than ionization for both the heavy and light
mediators.
Figure 5 shows the projected cross section sensitivity

from both excitation and ionization resulting from

FIG. 4. Sensitivity comparison between ionization or excitation alone in JUNO, for the heavy mediator (left) and light mediator
(right). Note the different axis ranges between the two panels.
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DM-electron scattering for different neutrino detectors. The
shape of the curve arises from a combination of the total
event rate and the annual modulation. At lower DMmasses,
it becomes less likely that there will be sufficient energy for
excitation or ionization, leading to a reduction in the event
rate. At higher masses, the event rate approximately follows
a 1=mχ scaling, reflecting the declining number density of
DM particles. However, this scaling is not exact: for
ionization, the light yield introduces some mass depend-
ence. Additionally, the annual modulation becomes more
pronounced at lower DMmasses, as these masses rely more
heavily on the high-velocity tail of the DM distribution to
reach the excitation or ionization threshold.
The shape of Borexino’s curve in the heavy mediator

case is slightly different from the others because excitation
continues to dominate at higher masses for this detector,
due to the fact that Q is a factor of 2 greater for PC than
LAB. For KamLAND, which also has a PC component, the
same effect does not occur because PC is only 20% of the
target mass. Therefore, ionization dominates at higher
masses for KamLAND in the heavy mediator case, as
we also observe for the LAB-based detectors. In both the
heavy and light mediator cases, the scaling differences
between the detectors in Fig. 5 arise from several factors:
target mass, background, light yield, efficiency, exposure
time, and finally, when excitation dominates, quantum
fluorescence yield.
For comparison, in Fig. 5 we also include direct

detection constraints and theory benchmarks that produce
the observed relic abundance. In the heavy mediator case,

JUNO and Borexino can reach stronger sensitivities than
direct detection by up to roughly an order of magnitude for
DM masses less than 10 MeV. This is largely due to the
higher excitation rates at lower DM masses. As the DM
mass increases past 10 MeV, JUNO and Borexino continue
to have stronger sensitivity until around 25 MeV, when the
direct detection sensitivity takes over. For the light media-
tor, JUNO and Borexino exceed direct detection sensitiv-
ities by at least an order of magnitude for the entire mass
range shown.
Our results in Fig. 5 offer two new benefits compared to

Ref. [72]. One is that the contribution of both ionization
and excitation provides a more complete picture of how the
DM signal rate can be determined from the detected
photons. The other is that the combination of multiple
experiments leads to improved parameter inference.
Because the experiments probe overlapping but distinct
regions of parameter space, observing a signal in one
experiment and not in another can help pinpoint specific
DM masses and cross sections. With only an individual
experiment, such as JUNO alone, one would only be able to
infer that the signal lies above the minimum sensitivity
curve, without clear information about the specific DM
parameters. We also note that in Ref. [72], the adopted
fluorescence quantum yield was Q ¼ 0.1, which is even
more conservative than the more accurate values we use in
this work (Q ¼ 0.2–0.4). In addition, Ref. [72] calculated
the efficiency of photon propagation and detection by
considering X × Y, while here we take the ratio PE=LY,
as discussed in Sec. III D.

FIG. 5. Potential sensitivity to DM-electron scattering cross sections at 95% CL for different neutrino detectors assuming an exposure
of their runtime to date (except for JUNO, for which we assume 10 years of exposure, and is therefore dashed). Sensitivities are shown
for a heavy mediator (left) and a light mediator (right). In addition, direct detection limits [129–136] are indicated by the gray shaded
region. The orange shaded region labeled “theory benchmark” covers the parameter space corresponding to some particle-theory
benchmark models [40]. Note the different axes ranges between the two panels.
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V. CONCLUSIONS AND OUTLOOK

Recently, there has been a surge of interest in sub-GeV
DM, which is difficult to detect due to the low recoil
energies falling below detector thresholds. New technolo-
gies have been developed to overcome this challenge,
generally taking advantage of the more favorable kinemat-
ics in DM-electron scattering.
To push to lower cross section sensitivities in this low-

threshold regime, increasing the DM signal requires a
larger target volume, which can be achieved by using
neutrino detectors. In particular, neutrino observatories
which are liquid scintillators also have the benefits of
low excitation thresholds and high light yields.
Reference [72] pointed out these advantages and showed
how liquid scintillators can be used to search for sub-GeV
DM, focusing on the excitation of LABmolecules in JUNO
resulting from DM-electron scattering.
In this work, we expand on the method developed in

Ref. [72], considering several other neutrino detectors
beyond JUNO and including contributions from both
excitation and ionization in the DM signal rate.
Although excitation has a lower threshold and leads to
a higher light yield than ionization, the number of targets
and annual modulation are higher for ionization, making it
dominate over excitation at higher DM masses for the
heavy mediator. In the case of the light mediator, exci-
tation dominates over ionization due to the lower thresh-
old and suppression at high momentum transfers.
Furthermore, as we discussed in Sec. III D, our excitation
rates are conservative given our choice of the fluorescence
quantum yield.
We calculated projected sensitivities to the DM-electron

cross section considering the runtime to date of the liquid
scintillators SNO+, Daya Bay, Borexino, and KamLAND.
For JUNO, we assumed a 10-year exposure. Our best
sensitivities come from JUNO, because of its large target
volume and high light yield and efficiency relative to the
other detectors. Atmχ ≃ 6 MeV, the sensitivity from JUNO
reaches σ̄e ≃ 3 × 10−40 cm2 for the heavy mediator.
Borexino also has strong sensitivity at this mass, reaching
σ̄e ≃ 7 × 10−40 cm2. It is also possible to probe DM-
nucleon interactions with this new method through the
Migdal effect, which we will study in future work.
A coordinated multidetector search is achievable with the

liquid-scintillator detectors considered in this work.
Notably, with multiple experiments having comparable
sensitivity, they can cross-check each other to reduce
systematic uncertainties and verify each other’s results.
Because both the signal and background are influenced by
the detector’s properties, and the background is further
impacted by the detector’s location, it is important to have
results from multiple experiments around the world. There
is also an important opportunity for each of these experi-
ments to develop and refine this new technique, removing
the reliance on a single detector to implement it. With

independent measurements in multiple detectors, a DM
signal would not be limited to a single swath in the mass-
cross section plane, and instead would produce multiple
swaths that could intersect, aiding parameter inference.
Other neutrino experiments that are not liquid scintillators
can also be used, though the methodology and analysis
would be different. We will study this in future work.
Existing data from SNO+, Daya Bay, Borexino, and

KamLAND make it possible for this analysis to begin
already. In fact, with well over 10 years of exposure each,
KamLAND and Borexino are particularly well suited for
this search. Multiple years of data will also be invaluable
for understanding secular changes in the hit rate. All of this
will get more exciting with JUNO having started recently.
Together, these detectors offer a new path to reaching
unprecedented sensitivity and robustness in sub-GeV DM
searches.
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APPENDIX: COMPARISON BETWEEN
IONIZATION AND EXCITATION RATES

Figure 6 shows the ratio of the ionization rate to the
excitation rate in JUNO under different conditions: without
detector efficiency, with efficiency, and with annual modu-
lation. When accounting for the larger number of target
electrons contributing to the ionization rate (122 instead of
6) without incorporating light yield and efficiency, we find
that for the heavy mediator, the ionization rate becomes
slightly larger than the excitation rate at higher DM masses
(see the dotted curve in the left panel of Fig. 6). However,
including the light yield and efficiency factors brings the
ratio back down to below one (see the dashed curve in the
left panel of Fig. 6). This is because the quantum
fluorescence yield is about an order of magnitude higher
than the photon yield from ionized electrons at the
relevant energies. Nonetheless, in the end ionization
dominates the sensitivity for the heavy mediator at higher
DM masses due to the annual modulation (see the solid
curve in the left panel of Fig. 6). The annual modulation is
higher for ionization because the threshold is higher,
resulting in a greater dependence on the upper tail of the
DM velocity distribution.
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