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Dark matter direct detection experiments involving electron recoils are beginning to test highly
predictive, thermal-relic milestones for sub-GeV dark matter models. Due to the Lee-Weinberg bound,
thermal dark matter candidates in this mass range necessarily require comparably light mediator particles to
achieve a suitably large annihilation cross section. Here we present new thermal-relic milestones for sub-
GeV dark matter candidates that couple to vector mediators. In these models, the mediators are massive
gauge bosons of anomaly-free Abelian extensions to the Standard Model, including the dark photon,
gauged Li − Lj; B − L, and B − 3Li models, where B is the baryon number, L is the lepton number, and i, j
index the lepton families. Since the same interactions that govern cosmological production also govern
electron scattering, the targets we present are firmly predictive and allow for these models to be robustly
discovered or falsified. Furthermore, since the mediators we study exhaust the minimal anomaly-free U(1)
extensions to the Standard Model, our results offer a complete list of predictive milestones for sub-GeV
dark matter coupled to vector mediators.
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I. INTRODUCTION

Thermal freeze-out is a compelling and highly predictive
mechanism for producing the dark matter (DM) abundance.
In this framework, DM is initially in equilibrium with the
Standard Model (SM) plasma in the early Universe [1]. As
the universe cools, thermal contact is eventually lost and the
observed relic density is achieved if the annihilation cross
section satisfies hσvi ∼ 10−26 cm3 s−1 [2]. Notably, this
mechanism is insensitive to unknown high-energy physics
and often depends only on model parameters that also
govern laboratory observables.
Freeze-out can be realized across the ∼ MeV-100 TeV

DM mass range, where upper and lower bounds are set by
unitarity [3] and cosmology [2], respectively. Light MeV–
GeV thermal DM candidates have long been studied as
viable alternatives to weak-scale dark matter [4]. In the sub-
GeV regime, the Lee-Weinberg bound requires comparably
light new “mediators” to avoid overproducing DM [5]. By
far, the most commonly studied mediator is the dark photon

whose SM interaction arises from kinetic mixing with the
photon [6], though several other possibilities are also
viable [7–11].
Over the past decade, the direct-detection community

has made great progress towards probing sub-GeV DM
using novel target materials [12–16]. Unlike traditional
nuclear-recoil searches, which lose sensitivity to DM
masses below the GeV scale, these new strategies typically
utilize much lighter target particles (e.g., electrons), which
are sensitive to smaller energy depositions and can there-
fore probe keV-GeV DM candidates. Collectively, these
new experiments, including Damic-M [17], SENSEI
[18,19], and CRESST-III [20] among others are now
beginning to test the thermal freeze out mechanism.
Recently, the Damic-M collaboration has ruled out the

most accessible thermal-relic model: complex scalar DM χ,
which directly annihilates to SM particles through a
kinetically mixed dark photon1 [23,24]. Although there
are other viable models with dark photon mediators (e.g.,
with Majorana or pseudo-Dirac fermion DM candidates)
[25,26], their direct-detection cross sections are either
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1Technically it is possible to revive this model in a narrow
range of parameter space if the annihilation is resonant with
mA0 ≈ 2mχ [21,22]. Also the exclusion requires mA0 > mχ to
ensure that the annihilation is s-channel and depends on the
kinetic mixing.
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velocity- or loop suppressed, so future accelerator searches
will be necessary to test these scenarios [27].
In this paper we go beyond the dark-photon mediator and

identify new sub-GeV thermal-relic targets that are acces-
sible with current and future direct detection experiments.
Our focus is on mediators that arise from anomaly-free
gauged Uð1Þ extensions to the SM: Li − Lj; B − L, and
B − 3Li where B is the baryon number, L is the lepton
number, and i, j are family indices.
We couple these mediators to complex-scalar or Dirac

fermion DM candidates and identify predictive parameter
space in which the cosmological abundance is in one-to-
one correspondence with the scattering cross section, thus
enabling discovery or falsification with sufficient exper-
imental sensitivity. We find that, models with tree-level
electron couplings are severely constrained by current
limits, but that electrophobic mediators leave large regions
of predictive thermal parameter space remain viable and
within reach of future experimental searches.
This paper is organized as follows: In Sec. II, we introduce

the theoreticalmodels andmediators. In Sec. III,we detail the
thermal freeze-out mechanism. We discuss the relevant
experimental and observational constraints in Sec. IV, before
presenting our numerical results in Sec.V. Finally, in Sec.VI,
we offer our concluding remarks.

II. MODEL OVERVIEW

In this Section we describe the models considered in this
paper. For each case, the most general interaction
Lagrangian can be written as

Lint ⊃ −Z0
μðgZ0JμZ0 þ εeJμEM þ gDJ

μ
DÞ; ð1Þ

where Z0 is the gauge boson of a new Abelian group, JμZ0 is
a current of SM particles charged under this group with a
coupling gZ0 , ε is a kinetic mixing parameter, e is the
electric charge, and JμEM is the SM electromagnetic current.
With a coupling gD, here JμD is the DM current and we
consider two representative cases for each mediator

JμD ¼
�
iχ�∂μχ þ H:c:; complex scalar;

χ̄γμχ; dirac fermion:
ð2Þ

While other DM candidates are also possible (e.g.,
Majorana or pseudo-Dirac fermions), we focus on the
complex scalar and Dirac fermion cases since their scatter-
ing cross sections are unsuppressed in the nonrelativistic
limit, and therefore most promising for direct detection
searches.2

For mZ0 > 2mχ, the mediator predominantly decays to
DM pairs. In the complex scalar model, the width for this
channel is

ΓZ0 ¼ αDmZ0

12

�
1 −

4m2
χ

m2
Z0

�
3=2

; ð3Þ

where αD ¼ g2D=4π. For Dirac fermions, the corresponding
width is

ΓZ0 ¼ αDmZ0

3

�
1þ 2m2

χ

m2
Z0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
χ

m2
Z0

s
: ð4Þ

For each mediator, there are also SM decay channels, but
in our parameter space of interest, gD ≫ gZ0 , so we can
neglect the SM contributions to the mediator width.
Furthermore, throughout our analysis, we will assume

that mZ0 > mχ to ensure that all annihilation processes
χχ̄ → SM particles are s-channel and proceed through
virtual Z0 exchange. This requirement ensures that all
annihilation and scattering rates depend on gZ0 , either
directly at tree level or indirectly through the kinetic
mixing, which also depends on this parameter.

A. Mediator particles

Here we choose our mediator Z0 from the list of all
anomaly-free Uð1Þ gauge extensions to the SM, assuming
there are no additional particles that participate in anomaly
cancellation:
Dark photon: If SM particles are uncharged under the

new Uð1Þ group, then the only allowed SM interaction is
through the kinetic mixing interaction. In this scenario, ε is
taken to be a free parameter and Z0 only couples to charged
particles. Since this mediator is well-studied in the liter-
ature, we include it here only for completeness.
Gauged Li − Lj: For this class of models, two lepton

families carry equal and opposite gauge charges to cancel
triangle anomalies. The current fromEq. (1) can bewritten as

JμZ0 ¼ liγ
μli þ ν̄iγ

μPLνi − ljγ
μlj − ν̄jγ

μPLνj; ð5Þ

where i ≠ j ¼ e; μ; τ are lepton family indices and PL ¼
1
2
ð1 − γ5Þ. The charged leptonsli;j couple to both the photon

and the Z0, so at loop level they induce a kinetic mixing
between these vectors, as shown in Fig. 1 where the mixing
parameter is

ε ¼ −
egZ0

12π2
log

m2
i

m2
j
: ð6Þ

For theLμ − Le andLe − Lτ mediators, the kinetic mixing is
a negligible correction to their tree-level electron coupling.
However, for Lμ − Lτ, the electron coupling arises entirely

2For Majorana fermions, the cross section is velocity-sup-
pressed, and for pseudo-Dirac fermions with a sufficient mass
splitting, the elastic cross section arises at loop level and is
sharply suppressed [25].
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fromkineticmixing,which governs the direct detection cross
section (see Sec. IV).
Gauged B − L: Here anomaly cancellation involves both

the quarks and leptons. The current from Eq. (1) is

JμZ0 ¼ 1

3

X
q

q̄ γμq −
X
l

ðlγμlþ ν̄lγ
μνlÞ; ð7Þ

and the induced kinetic mixing is

ε ¼ −
egZ0

18π2
log

�
mdmsmb

m2
um2

cm2
t

Λ12

m3
em3

μm3
τ

�
; ð8Þ

where Λ is the unknown high-energy scale at which the
loop is induced, typically coinciding with the scale of
symmetry breaking for the new Uð1Þ group; unlike the
Li − Lj scenario, the logarithmic divergence does not cancel
in this case. However, this gauge boson couples to the first
generation, so the kinetic mixing contribution to scattering
signals is negligible. Note that although right-handed neu-
trinos are necessary for anomaly cancellation in the
B − L scenario, they can acquire large Majorana masses
after spontaneous symmetry breaking anddecouple; thus,we
neglect them in Eq. (8).
Gauged B − 3Li: Here anomaly cancellation involves

both quarks and leptons. The current from Eq. (1) is

JμZ0 ¼ 1

3

X
q

q̄ γμq − 3ðliγ
μli þ ν̄liγ

μνliÞ; ð9Þ

and the loop-induced kinetic mixing is

ε ¼ −
egZ0

18π2
log

�
mdmsmb

m2
um2

cm2
t

Λ12

m9
li

�
: ð10Þ

As in the B − L case, the B − 3Le mediator couples to
electrons at tree-level, so the kinetic mixing is negligible.
However, for B − 3Lμ;τ this mixing yields the only coupling

to electrons and thereby governs direct detection signals.
Since the scale Λ depends on unspecified high-energy
physics, we will consider a wide range between 100 GeV
and MPl as the theoretical uncertainty on the size of the
kineticmixing. As in theB − L scenario above, right-handed
neutrinos are present at high energies for anomaly cancella-
tion, but are decoupled in the infrared.

III. COSMOLOGICAL EVOLUTION

In the early Universe, χ is in equilibrium with the SM
and the total DM number density nχ (including antipar-
ticles) evolves as

ṅχ þ 3Hnχ ¼ −
1

2
hσviann½n2χ − ðneqχ Þ2�; ð11Þ

where H is the Hubble rate, neqχ is the χ number density in
chemical equilibrium with the SM, where we have assumed
that the annihilating particles are not identical since only
complex scalars and Dirac fermions are considered. To
hit the DM relic density, starting from nχ ¼ neqχ at early
times, the observed relic density is achieved for hσviann ∼
10−26 cm3 s−1, with the precise value depending on mass
and spin, which introduce variations of order unity [2].
The thermally averaged cross section in Eq. (11) can be

written as [28]

hσviann ¼
1

N

Z
∞

4m2
χ

dsσannðsÞ
ffiffiffi
s

p ðs − 4m2
χÞK1

� ffiffiffi
s

p
T

�
; ð12Þ

where σann is the total DM annihilation cross section, s is
the Mandelstam variable, Kn is the nth order modified
Bessel function, and N ¼ 8m4

χTK2
2ðmχ

T Þ is a normalization
factor.
In predictive models with mZ0 > mχ , the interaction rate

is mainly controlled by s-channel annihilation into SM
fermions. For complex scalar DM, the cross section for
DM annihilation into electromagnetically charged fermion
pairs, χχ� → f̄f, is

σχχ�→ff̄ ¼ 4πκfαDðsþ 2m2
fÞβχβf

3½ðm2
Z0 − sÞ2 þm2

Z0Γ2
Z0 � ; ð13Þ

where ΓZ0 is the Z0 → χχ� width from Eq. (3), βi ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

i =s
p

, and we have defined

κf ¼
�Q2

fε
2α; dark photon;

Q02
f αZ0 ; otherwise;

ð14Þ

whereQf andQ0
f are, respectively, the electromagnetic and

new Uð1Þ charges of SM fermion f, and αZ0 ¼ g2Z0=4π.
For the Dirac fermion DM, the cross section per

channel is

FIG. 1. In each of the models we consider, there is an
irreducible kinetic mixing that arises at loop level by integrating
out all charged SM fermions f that couple to both γ and Z0. In
models where the Z0 has tree-level couplings to electrons, this
contribution is negligible. However, the Lμ − Lτ; B − 3Lμ, and
B − 3Lτ mediators do not couple to electrons at tree level, so this
induced kinetic mixing governs the χ − e direct-detection cross
section.
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σχχ̄→ff̄ ¼
4πκfαDðsþ 2m2

χÞðsþ 2m2
fÞ

3s½ðm2
Z0 − sÞ2 þm2

Z0Γ2
Z0 �

βf
βχ

; ð15Þ

where the decay width for Z0 → χχ̄ is given in Eq. (4).
For both complex scalar and Dirac fermion DM, the

neutrino annihilation cross sections satisfies

σχχ̄→νν̄ ¼
1

2
σχχ̄→ff̄; κν ¼ Q02

ν αZ0 ; ð16Þ

which is valid for all mediators considered here, except the
dark photon, which does not couple to neutrinos.
Dark photon: For this model, the DM can annihilate into

all kinematically allowed charged particles, including
hadrons, so the total cross section is

σann ¼
X
l

σχχ̄→ll þ σχχ̄→had; ð17Þ

and the cross section to hadrons is

σχχ̄→hadðsÞ ¼ RðsÞσχχ̄→μþμ−ðsÞ; ð18Þ

where R ¼ σeþe−→had=σeþe−→μþμ− is the R-ratio function
shown in Fig. 2 with data from Ref. [29].
Gauged Li − Lj: For the purely leptonic mediators

σann ¼
X

l¼li;lj

ðσχχ̄→ll þ σχχ̄→νlν̄lÞ; ð19Þ

where hadronic annihilation channels are sharply sup-
pressed as they only arise from the induced kinetic mixing
in Eq. (6).

Gauged B − L: The annihilation cross section is

σann ¼
X
l

ðσχχ̄→ll þ σχχ̄→νlν̄lÞ þ σχχ̄→had; ð20Þ

where σχχ̄→had is defined in analogy with Eq. (18), though
the function RðsÞ in this model differs from that of the dark
photon case and we model this function following the
prescription in Ref. [31]. For this mediator (and for all
B − 3Li variants), the normalized R ratio is shown in Fig. 2.
Gauged B − 3Li: Here the cross section is

σann ¼ σχχ̄→lili
þ σχχ̄→νli ν̄li

þ σχχ̄→had; ð21Þ

where σχχ̄→had is also defined in analogy with Eq. (18), but
with RðsÞ for this model following Ref. [31].
In our numerical results, we use hσviann from Eq. (12) to

identify the parameter space for the observed relic density
following Ref. [32]. In Figs. 3–6, we present the thermal-
relic targets for these models in terms of the effective
electron cross section (discussed in Sec. IV).

IV. EXPERIMENTAL SEARCHES

Electron recoils: Electron-recoil direct detection experi-
ments offer a powerful probe of the models studied here
because the scattering cross section depends on the same
model parameters as the annihilation cross section.
Conveniently, the scattering cross sections for scalar and
Dirac fermions coupled to vector mediators have the same

FIG. 2. Normalized R ratios for mediators with tree-level quark
couplings. The solid black curve shows SM R-ratio data [30] and
corresponds to the choice ξ ¼ 1; the dark photon mediator has the
same R ratio. The solid blue curve is the R ratio for our other
hadronically coupled mediators, with ξ ¼ Q0

μ for the B − L and
B − 3Lμ extensions; for B − 3Le;τ there is no tree-level muon
coupling, but there is an induced coupling through the kinetic
mixing in Eq. (10), so ξ ¼ εQμ.

FIG. 3. Limits on the effective DM-electron scattering cross
section σ̄e plotted against thermal relic targets for complex scalar
DM in the dark photon model (adapted from Ref. [24]). Note that
the Dirac fermion variant of this model is excluded by CMB data
and is not shown here. Since the mediator is assumed to be
heavier than the DM here, we use the FDM ¼ 1 form factor [15].
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parametric form. We divide the mediators into two catego-
ries based on their couplings to electrons:

(i) Electrophilic: The dark photon, Lμ − Le; Le − Lτ;
B − L, and B − 3Le mediators all couple to electrons
at tree level, so the cross section for all of these can
be written as

σ̄e ¼
16πκeαDμ

2
χe

m4
Z0

; ð22Þ

where κe is given in Eq. (14) and μχe is the χ − e
reduced mass.

(ii) Electrophobic: The Lμ − Lτ; B − 3Lμ, and B − 3Lτ

mediators have no tree-level couplings to electrons,
so their leading-order cross section is

σ̄e ¼
16πε2ααDμ

2
χe

m4
Z0

; ð23Þ

where ε arises at one loop (as shown in Fig. 1) and is
given respectively in Eqs. (6), (8), and (10).

Since mZ0 > mχ in the predictive parameter space, we
trivially satisfy mZ0 ≫ αme, so the DM form factor is
always FDMðqÞ ¼ 1 in our analysis [15].

FIG. 4. Thermal relic milestones for complex scalar DM coupled to the following mediators: Lμ − Le (top left), Le − Lτ (top right),
B − L (bottom left), and B − 3Le (bottom right). Note that the Dirac fermion variants of these models are excluded by CMB energy
injection limits (see Sec. IV). Since each of these mediators has a tree-level coupling to electrons, the parameter space is tightly
constrained by existing limits, and resembles that of Fig. 3 and here we also work in the FDM ¼ 1 regime [15]. Note that the cyan-shaded
BABAR region (top row) is hatched to indicate that we chose αD ¼ 0.5 and mZ0 ¼ 3mχ to put this constraint on the σ̄e −mχ plane; this
choice is conservative in that smaller αD or largermZ0=mχ ratios would only make the constraint more severe [21]; no such assumption is
required for the direct detection limits since these have the same parametric dependence as the annihilation cross section. The bottom
region is the neutrino fog for electron scattering off a silicon target [73].
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The DAMIC-M experiment has recently placed new
bounds on σ̄e with a 1.3 kg · day exposure on a Si target
[23]. The PandaX-4T has corresponding limits using an Xe
target with a 0.55 ton·year exposure [33]. DarkSide-50 has
reported σ̄e bounds with a 12; 306 kg · day exposure on a
liquid Ar target [34]; all of these limits are shown in
Figs. 3–6. Related low-threshold direct-detection searches
by SuperCDMS and EDELWEISS provide complementary
constraints on light dark matter in nearby regions of
parameter space, although we do not show these limits
in our figures [35,36]. These figures also show future
sensitivity projections for the SENSEI [18,19], DAMIC-M
[17], and Oscura [37] experiments. The electron-DM cross
section can also be probed using the sub-population of DM
particles that are accelerated by the sun and can therefore
deposit more energy into detectors [38]; this constraint
using XENON1T data [39,40] is shown in Figs. 3–6.
Nucleon recoils: Our models of interest are also con-

strained by sub-GeV nuclear-recoil direct detection experi-
ments. The cross sections for χ-nucleon scattering are
similar to those in Eqs. (22) and (23) for electrophilic
and electrophobic models, respectively. The only
differences in the cross section formulas are that, for
nucleon scattering, we replace κe → κN where N ¼ p; n
and μχe → μχN , where the latter is the χ − N reduced mass.
In F igs. 3–6, for baryon-coupled mediators (dark

photons, B − L, and B − 3Li) we show CRESST-III limits
from Ref. [20,41] which are based on a 3.64 kg · day
exposure with a CaWO4 target. Note that limits in the
CRESST-III experimental papers are plotted assuming DM
coupled to all the nucleons inside the target. However, the
dark photon mediator only couples to protons through
kinetic mixing, so we account for the proton-nucleon ratio

of CaWO4 when translating limits on the nucleon cross
section σN into σ̄e.
The Migdal effect is also a powerful technique for

extending DM-nucleon scattering sensitivity down to
sub-GeV masses [42–44] and there are many reported
experimental limits based on this signal contribution [45–
50]. However, to date the Migdal effect has not been
robustly calibrated and there are conflicting reports about
whether it has been observed in neutron scattering [51,52].
Since detector-specific calibrations of the Migdal effect
remain under development [53–55], we do not include
DM–nucleon scattering limits based on this effect. Should
robust calibrations become available, these limits may
provide an important test of the models considered here.
B factories: The BABAR eþe− experiment has been used

to constrain Z0 production through the eþe− → Z0γ channel
where the Z0 decays invisibly [56,57]. The currently running
Belle-II experiment will eventually collect ∼50 ab−1 and is
expected to greatly improve sensitivity to these particles.
Importantly, since the production cross section only depends
on the SM coupling, placing B-factory constraints on our
results plots requires a choice of αD and mZ0=mχ .
Neutrino experiments: Neutrino fixed-target experiments

can also probe new forces that interact with neutrinos and
muons. The CCFR collaboration constrains such Z0 cou-
plings via muon production through the trident process
νμN → νμNμþμ− [58,59]. In the future, the DUNE experi-
ment is also poised to improve trident sensitivity to better
probe new physics [60].
CMB: LightDMwith an s-wave annihilation cross section

faces stringent constraints from CMB energy injection
near the epoch of recombination [61–64]. To maintain
consistency with Planck data, the cross section for

FIG. 5. Limits on the effective DM-electron scattering cross section σ̄e plotted against thermal relic targets for complex scalar (left)
and Dirac fermion DM (right) in the Lμ − Lτ model. Since the mediator here is heavier than the DM, we work in the FDM ¼ 1 regime
[15]. As in Fig. 4, the orange CCFR region is hatched to indicate that we chose αD ¼ 0.5 and mZ0 ¼ 3mχ to put this constraint on the
σ̄e −mχ plane; this choice is conservative in that smaller αD or larger mZ0=mχ ratios would only make the constraint more severe [21].

XU HAN and GORDAN KRNJAIC PHYS. REV. D 114, 016024 (2026)

016024-6



annihilating to charged final states must satisfy [65]

hσviχχ̄→f̄f ≲ 2 × 10−26 cm3 s−1f−1eff

�
mχ

20 GeV

�
; ð24Þ

where feff parametrizes the ionization efficiency for a given
final state and varies roughly between 0.1 and 1, depending
on the channel [66]. Thus, for the Dirac models shown in
Figs. 5–6 (right panels), the CMB rules out all sub-GeV
thermal-relic parameter space unless the annihilation is

predominantly to neutrinos. For the Lμ − Lτ; B − 3Lμ and
B − 3Lτ mediators, Dirac fermion DM can still be viable for
χ masses below the lightest charged particle to which the
mediator couples. Since all scalar models feature p-wave
annihilation, CMB energy injection does not meaningfully
constrain their thermal-relic parameter space.
BBN: For MeV scale with a thermal-relic abundance,

freeze-out occurs around the epoch of big bang nucleosyn-
thesis (BBN) andmodifies the effective number of relativistic
species at this time. Preserving the successful SM prediction

FIG. 6. Top row: limits on the effective DM-electron scattering cross section σ̄e plotted against thermal relic targets for complex scalar
(left) and Dirac fermion DM (right) in the B − 3Lμ mediator. Bottom row: same as the top, but for a B − 3Lτ mediator. Here the
annihilation cross section is independent of ε at leading order, but translating the thermal-relic parameter space into an electron cross
section requires introduces ε dependence. Thus, unlike the other result plots in this paper, here the thermal relic target has a finite
thickness due to the ultraviolet scale dependence in ε from Eq. (10). To remain agnostic about this scale, we vary Λ between 100 GeV
(bottom edge, solid curve) and MPl (upper edge, dotted curve). These choices also affect the CRESST-III [20] constraint in this
parameter space since the experiment constrains the nucleon cross section, which does not have this scale ambiguity, but translating
these limits from σN → σ̄e requires an insertion of ε2, which does; similarly the CCFR limits in the top row exhibit the same ambiguity
since the muon coupling that the experiment constrains is not dependent on ε. For the CCFR and CRESST-III constraints in this plane,
we use solid curves for Λ ¼ 100 GeV and dotted curves Λ ¼ MPl.

NEW THERMAL-RELIC TARGETS FOR SUB-GEV DARK MATTER … PHYS. REV. D 114, 016024 (2026)

016024-7



of light element yields constrains on themass scale of thermal
DMcandidates by requiring freeze-out to occur earlier before
neutrinos decouple to set the initial conditions for BBN. In
Figs. 3–6 result plots, we show BBN bounds on mχ from
Refs. [67–72].

V. RESULTS

In Figs. 3–6 we present thermal relic parameter space for
complex scalar and Dirac fermion DM candidates in terms
of the effective electron cross section σ̄e (blue curves). Each
plot also shows a variety of constraints from direct
detection experiments and accelerator searches, where
applicable. We divide our results into two categories
depending on whether a given model has tree-level cou-
plings to electrons.
Electrophilic models: In this category we include all

models with the dark photon, Lμ − Le; Le − Lτ; B − L, and
B − 3Le mediators, which couple appreciably to electrons.
In Fig. 3 we take results from Ref. [24] which found that

scalar DM coupled to a dark photon mediator is excluded
across the entire sub-GeV parameter space in the predictive
regime where mZ0 > mχ and the annihilation and direct
detection cross sections depend on the same parameters.
We do not show the Dirac fermion version of this model
because the annihilation cross section is s wave, so all
sub-GeV parameter space is excluded by CMB limits
(see Sec. IV).
In Fig. 4, we show four panels with the parameter space

for the Lμ − Le; Le − Lτ; B − L, and B − 3Le mediators
coupled to complex scalar DM. As in the dark photon case,
the parameter space is almost fully excluded by direct
detection searches, except for small regions within the
reach of existing experiments, which will fully test these
milestones soon. As in the dark photon case, the Dirac
fermion variants of these models are all excluded by CMB
limit from Eq. (24), so we do not show these plots.
Electrophobic models: In this category we include all

models coupled to the Lμ − Lτ; B − 3Lμ, and B − 3Lτ

mediators whose electron coupling only arises from the
one-loop contribution shown in Fig. 1. Importantly, for
these models we include results for both complex scalar
and Dirac fermion DM. Unlike electrophilic models, here
in each case the dominant annihilation process is χχ̄ → ν̄ν
for mχ below the lightest charged particle to which the
mediator couples (e.g., mχ < mμ for Lμ − Lτ). Since
annihilation to neutrinos is not constrained by CMB energy
injection limits, the Dirac models can be cosmologically
viable below a certain mass threshold for these mediators.
In Fig. 5 we show results for the Lμ − Lτ model. In these

plots the thermal-relic targets are significantly lower due to
the kinetic mixing suppression from Eq. (6). Furthermore,
this model is subject to limits on neutrino trident production
from CCFR [58] (see Sec. IV).
Finally, in Fig. 6 we show parameter space for the

B − 3Lμ;τ mediators. For these figures, the thermal relic

region has a finite thickness due to the UV sensitivity of the
kinetic mixing. Although the annihilation cross section is
not UV sensitive, the direct detection cross section depends
on the unknown parameter Λ in Eq. (10), which represents
the energy scale at which the kinetic mixing from Fig. 1 is
induced. Thus, to parametrize our ignorance, we allow this
scale to vary between 100 GeV (bottom of the relic band)
and the Planck scale, MPl ¼ 1.2 × 1019 GeV (top of the
relic band).

VI. DISCUSSION

In this paper we have identified thermal-relic mile-
stones for sub-GeV direct detection searches. Our focus
has been on models of scalar and fermion DM coupled to
mediators from anomaly-free Uð1Þ extensions to the SM.
Furthermore, we have restricted ourselves to themZ0 > mχ

parameter space for which the direct-detection cross
section is in one-to-one correspondence with the ther-
mal-relic cross section, which offers an experimental target
for discovery or falsification.
We have found that predictive models with tree-level

electron couplings are either ruled out by existing con-
straints, or will soon be fully tested in the few remaining
viable parameter regions. However, models with mediators
do not couple to electrons at tree-level are broadly viable in
the MeV-GeV mass range that is compatible with cosmo-
logical bounds and testable with low-mass direct detection
experiments. Our core findings are summarized in Table I.
For each mediator, we have considered complex scalar

and Dirac fermion DM for simplicity. While variations
of these models with Majorana or pseudo-Dirac fermion
DM are also viable, their direct-detection cross sections are
either velocity- or further loop suppressed relative to the
scenarios studied here. Thus, these variations are not very
promising for low-mass direct detection at this time, though
some promising strategies with crystal detectors may
eventually succeed at reaching these milestones [74].
Throughout this paper we have emphasized direct

detection signals and constraints because these depend
on the same combination of model parameters as the
annihilation cross section that sets the relic density.
However, these models can also be probed via accelerator
production at NA64 [75], LDMX [76,77], BDX [57,78],
DUNE [79], MiniBooNE [80], MUonE [24], JSNS2 [81],
ATLAS [82], CMS [57,83], FASER [84,85], and Belle-II
[86], among others (see Ref. [27] for a review). For
simplicity, we have not included projections for these
experiments as accelerator signals depend only on the
SM-mediator coupling αZ0 and mass mZ0 , but not on αD or
mχ . Thus, it is necessary to choose values for these
quantities in order to place accelerator projections onto
the σ̄e −mχ parameter space.
Finally, we note that our list of minimal anomaly-free

Uð1Þ gauge extensions is complete up to additional
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linear combinations of the possibilities considered here
[31], assuming only SM field content (and right handed
neutrinos in certain cases). However, other options
might be possible if additional SM-charged states are
added to these theories as “anomalons.” In these
scenarios, there are additional constraints on the gauge
couplings and mediator masses from LHC searches for
the anomalons themselves [87–90]. Furthermore, it is
also possible to gauge the anomaly-free combination
Bi − Bj where i indexes baryonic family number,
however these models are generically face stringent
constraints from flavor changing neutral currents [91],
which makes these mediators more challenging for
our purposes here; we leave these scenarios for future
work.
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