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Dark matter is typically assumed not to couple to the photon at tree level. While annihilation to photons
through quark loops is often considered in indirect detection searches, such loop-level effects are usually
neglected in direct detection, as they are typically subdominant to tree-level dark-matter–nucleus scattering.
However, when dark matter is lighter than around 100 MeV, it carries so little momentum that it is difficult
to detect with nuclear recoils at all. We show that loops of low-energy hadronic states can generate an
effective dark-matter–photon coupling, and thus lead to scattering with electrons even in the absence of
tree-level dark-matter–electron scattering. For light mediators, this leads to an effective fractional electric
charge that may be very strongly constrained by astrophysical observations. Current and upcoming
searches for dark-matter–electron scattering can thus set limits on dark-matter–proton interactions down to
1 MeV and below.
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Introduction.—Although dark matter (DM) comprises
most of the mass in the Universe, how (and whether) it
interacts nongravitationally is completely unknown [1–3].
Direct detection bounds on DM, as well as astrophysical
and cosmological constraints, are often presented in a
“model-independent” way, e.g., as limits on dark matter’s
nonrelativistic scattering cross section with protons or
electrons, rather than limits on a larger set of model
parameters. In such a framework, limits on dark matter’s
interactions with different standard model (SM) particles
are often treated independently. There are, of course,
exceptions—DM-proton and DM-neutron cross sections
are often assumed to be identical to avoid isospinviolation—
but, for example, limits on DM-electron scattering are often
set assuming that DM-nucleon scattering is negligible, and
vice versa.
However, even DM, which only interacts with one SM

particle at tree level, can interact with others at loop level.
As a classic example, Ref. [4] showed how fermionic loops
could generate an effective electromagnetic charge. This is
commonly cited in literature on dark photons and milli-
charged DM [5–18], and explicit calculations of quark-,
lepton-, or W-loop-induced processes may be found in
many references on indirect detection, collider searches,
and, to a lesser extent, direct detection ([19–38], see also

[39,40]). In works focused on indirect detection or collider
searches, the energies are typically high enough that QCD
is perturbative, and loops of quarks can be computed
directly.
In this Letter, we explicitly compute the DM-photon

interaction induced by DM couplings to hadronic states at
low energy, where the relevant degrees of freedom are not
quarks, but mesons and baryons. This is in contrast with
much of the literature on kinetically mixed dark photons,
which treats the mixing between the photon and dark
photon as a phenomenological parameter that is generated
at much higher energy scales. We show that such loop-level
couplings can produce detectable event rates in direct
detection experiments, and/or induce a non-negligible
effective charge for the DM, in a wide range of sub-
GeV parameter space. We thus set new limits on sub-GeV
dark matter’s coupling to protons.
This Letter is organized as follows. In the next section,

“Effective DM-electron interactions,” we review the ideas
of Ref. [4], and discuss the types of interaction that yield
nonzero results. We then introduce our model and the
effective Lagrangians used to describe dark matter’s inter-
actions with hadronic states, and compute the induced
interactions with photons and electrons. In the “Results”
section, we compute new constraints on sub-GeV DM. In
the concluding section, we discuss the implications of
our results. Detailed descriptions of the calculations per-
formed in this work can be found in the Supplemental
Material [41].
Effective DM-electron interactions.—Suppose that DM

is a fermion, χ, that interacts with protons via a new vector
mediator that we refer to as Z0 [the tree-level diagram is
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shown in Fig. 1(a)]. A proton loop then induces a mixing
between the Z0 and the photon, as well as a DM-electron
interaction, as shown in Fig. 1(b). If Z0 is massless, the
result is an effective charge for the DM, as derived by
Ref. [4]. A massive Z0 will still mix with the photon, but the
different momentum dependence means that the DM no
longer behaves as a truly millicharged particle.
If the Z0 couples to protons, then on a more fundamental

level it must couple to the constituent quarks (or gluons),
and thus also to mesons. In fact, the more typical approach
to such hadronic corrections would be to use loops of pions
[Figs. 1(c) and 1(d)], whose masses are below the QCD
scale and for which the framework of chiral effective field
theory (ChEFT) can readily be applied. The use of pion
loops in this context is similar to their role in hadronic
vacuum polarization, notably in the context of muon g − 2
(see Ref. [42] for a detailed review).
In this work, we include both proton and light pseudo-

scalar meson (specifically pion and kaon) loops in order to
compute the induced mixing between the Z0 and photon.
We take inspiration from Ref. [43], which showed that
nucleons could be included in the framework of chiral
perturbation theory while preserving chiral power counting.
We consider only the case of a vector mediator, because

the diagrams shown in Figs. 1(b)–1(d) vanish for a scalar or
axial vector mediator (see Ref. [24]). An analogous
interaction between DM and electrons in the scalar case
can be induced at the 2-loop level [24], or by instead

mixing with the Higgs at 1 loop; however, both are
suppressed compared to the 1-loop vector mixing with
the photon.
Below, we estimate the effective DM-electron scattering

cross section that results from hadronic loops. We focus on
DM in the mass range accessible to electron recoil searches,
but difficult to probe using nuclear recoil searches
(1 MeV≲mχ ≲ 100 MeV) [44–51]. At eV-scale energies,
the typical kinetic energy of MeV-scale mass dark matter,
quarks are confined into baryons and light mesons, and
their behavior is best described using ChEFT. Using a
shared underlying description of the DM-quark interaction
we estimate both the DM-proton and DM-meson coupling.
These allow us to estimate tree-level DM-proton cross
section and the corresponding 1-loop DM-electron cross
section.
Interactions between a dark fermion and quarks through

a vector mediator can be described by

L ⊃
X
q

αqZ0
μqγμq̄þ gχZ0

μχγ
μχ̄; ð1Þ

where q, αq, and gχ represent the quarks, the coupling of
each quark specie to Z0

μ, and the coupling between Z0 and
the DM, respectively.
At low momentum, the resulting effective proton inter-

action can be determined following Sec. B.2 of Ref. [52]:

L ⊃ ð2αu þ αdÞZ0
μpγμp̄: ð2Þ

The meson interaction terms can be derived from the
ChEFT Lagrangian. The relevant lowest order interaction
term in the ChEFT Lagrangian is [53]

L ⊃
F2

4
TrðDμUDμU†Þ; ð3Þ

where U ¼ eði=FÞπ contains the light meson octet

π ¼

0
BB@

π0 þ η8ffiffi
3

p
ffiffiffi
2

p
πþ

ffiffiffi
2

p
Kþ

ffiffiffi
2

p
π− −π0 þ η8ffiffi

3
p

ffiffiffi
2

p
K0

ffiffiffi
2

p
K−

ffiffiffi
2

p
K̄0 − 2ffiffi

3
p η8

1
CCA: ð4Þ

F is the pion decay constant. Interactions with external
vector fields (namely the photon or Z0) are captured in the
derivative terms

DμU ¼ ∂μU − ivμU þ iUvμ;

DμU† ¼ ∂μU† þ iU†vμ − ivμU†; ð5Þ

where the matrix vμ captures the interactions between
external vectors and the quarks that compose the light
mesons. Setting vμ ¼ Z0

μdiagðαu; αd; αsÞ accounts for the

FIG. 1. Feynman diagrams utilized in this work. The tree-level
diagram (a) captures DM-proton scattering. The loop-level
diagrams (b)–(d) show DM-electron scattering that results from
the DM-proton interaction.
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Z0 coupling to quarks shown in Eq. (1). While taking vμ ¼
eAμdiagð23 ;− 1

3
;− 1

3
Þ captures electromagnetic interactions.

Expanding the chiral Lagrangian (3) gives the following
interaction terms between light mesons, photons, and Z0:

L ⊃ iðαu − αdÞZ0
μðπ−∂μπþ − πþ∂μπ−Þ

þ iðαu − αsÞZ0
μðK−

∂
μKþ −Kþ

∂
μK−Þ

þ ieAμðπ−∂μπþ − πþ∂μπ−Þ
þ ieAμðK−

∂
μKþ −Kþ

∂
μK−Þ þ 2eðαu − αdÞZ0

μAμπþπ−

þ 2eðαu − αsÞZ0
μAμKþK−: ð6Þ

Using these interaction terms we calculate the χp
scattering cross section at tree level and the χe scattering
cross section at loop level resulting from the diagrams
shown in Fig. 1. These calculations are shown in more
detail in the Supplemental Material.
At tree-level and low-momentum exchange

dσχp
dΩ

¼ g2χð2αu þ αdÞ2μ2χp
4π2ðm2

Z0 − tÞ2 ; ð7Þ

where μab ¼ mamb=ðma þmbÞ represents the reduced
mass of two particles with masses ma and mb and mZ0

is the Z0 mass.
The χe cross section at 1 loop is

dσχe
dΩ

¼ dσχp
dΩ

e2

2304π4ð2αu þ αdÞ2
�
μχe
μχp

�
2

c2loop; ð8Þ

where

cloop ¼ 4ð2αu þ αdÞ ln
�
4πe−γEμ2

m2
p

�

þ ðαu − αdÞ ln
�
4πe−γEμ2

m2
π

�

þ ðαu − αsÞ ln
�
4πe−γEμ2

m2
K

�
: ð9Þ

The first term in cloop comes from the proton loop as shown
in Fig. 1(b); the second and third terms come from pion and
kaon loops, respectively. The meson loop terms get con-
tributions from diagrams of the form depicted in Figs. 1(c)
and (d). Loop divergences are contained in the log terms,
which depend on the mass of the particles in the loops (mp,
mπ , andmK for protons, pions, and kaons, respectively) and
a cutoff term logarithmic in μ. Following Ref. [43], we
set μ ¼ mp.
We perform our calculations in two mass limits: the

heavy mediator limit, where the mediator mass is much
larger than the typical momentum transfer, and the light
mediator limit, where the mediator is much lighter than the

momentum transfer. For the dark matter masses we con-
sider, the typical momentum transfer is O (keV). In the case
of a heavy mediator, we integrate over scattering angles to
find a relative total cross section of

σχe ¼ σχp
e2

2304π4ð2αu þ αdÞ2
�
μχe
μχp

�
2

c2loop: ð10Þ

The factor ðe2=2304π4Þ ≈ 4 × 10−7. While this suppression
seems substantial, the effective cross sections are large
enough that current and upcoming electron recoil detectors
will be able to observe or rule out DM inaccessible to
current traditional nuclear recoil detectors.
For a massless mediator, the integrals of dσχe=dΩ and

dσχp=dΩ over the scattering angle diverge. Although the
inclusion of a mediator mass regulates this divergence,
direct detection experiments are insensitive to this mass as
long as it is small compared to the typical momentum
transfer. Therefore, we instead report the ratio between σ̄χp
and σ̄χe, where

σ̄ ≡ 2
dσ

d cos θ

�
q
qref

�
4

: ð11Þ

Here, q represents the momentum exchanged between
scattered particles, and qref is a reference momentum,
usually taken to be ∼αme [13]. σ̄ is Lorentz-invariant
and typically used when discussing constraints on light
mediator scattering. The resulting relation between light
mediator cross sections is

σ̄χe ¼ σ̄χp
e2

2304π4ð2αu þ αdÞ2
�
μχe
μχp

�
2

c2loop: ð12Þ

Hence, the ratio between the proton and electron cross
sections does not depend on mass of the vector mediator.
As the terms shared between proton and electron scattering
diagrams divide out, the ratio between their cross sections
also does not depend on the spin of the DM, or the Lorentz
structure of its interaction with the vector mediator.
Results.—In direct detection literature, the interactions

between DM and quarks that generate the DM-nucleon
cross section are typically unspecified. Because we also
include meson loops, recasting these limits requires a
concrete choice for the couplings to individual quarks.
In this section, we report our results for the case αu ¼ −αd
and αs ¼ 0, i.e., where the Z0 couples to isospin. Results for
an alternative case, αu ¼ αd ¼ αs, are shown in the
Supplemental Material. The limits between these two cases
differ by a factor of ∼8. A different choice of couplings
should not weaken the limits much beyond this range
without fine tuning.
We use the SENSEI electron-recoil searches [47] to

constrain the DM-proton cross section. SENSEI has
reported some of the strongest limits on DM-electron
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scattering while being only ∼100 m underground [just
under 300 m water equivalent (mwe)], presenting a lower
overburden than most direct detection experiments. Our
limits result from rescaling the reported limits of Ref. [47]
by the ratio of the DM-proton and loop-induced DM-
electron cross sections found in Eqs. (10) and (12). In the
same way, we recast projections for the DAMIC-M experi-
ment [54–56], which has recently released its first results
[51], as well as the upcoming Oscura experiment [57].
Figure 2 shows limits and projected sensitivities based

on effective loop interactions, for a heavy Z0, compared to
existing limits from direct detection and cosmology. Our
limit constrains DMmasses from about 1 to 30 MeV, and is
comparable to the strongest existing Migdal effect limit,
from SENSEI [47,58], at the lowest masses. It is competi-
tive with the strongest cosmological bounds, which come
from Lyman-alpha observations [59]. The projected sensi-
tivities reach cross sections of 10−36 cm2 for masses of a
few MeV, orders of magnitude better than existing bounds.
For comparison, Ref. [57] shows projections for future
Migdal effect searches from the same detectors, but these
only extend down to 20 MeV. We also show Migdal effect
limits from XENON10 and XENON1T [60], CDEX
[61,62], and EDELWEISS [63,64], which provide leading
constraints at larger masses.
At the large cross sections we consider, DM may be

stopped in the Earth before reaching the detector. While our
detection signal relies on scattering with electrons, attenu-
ation will be dominated by scattering with nuclei due to the
much larger cross section. We account for attenuation in the

Earth using the ceilings computed for SENSEI in Ref. [13].
These ceiling calculations are also dominated by nuclear
scattering, but were computed in a dark photon model. We
rescale them by a factor of 4 to account for the scattering
with neutrons (assuming typical spin-independent scatter-
ing). For DAMIC-M and Oscura, we use the same ceiling,
lowered by factors of 17 and 20, respectively, to simulate
the overburdens at Laboratoire Souterrain de Modane
(4800 mwe) [65] and SNOLAB (6000 mwe) [66].
Figure 3 shows our limits and projected sensitivities for

DM models with a light Z0, compared to existing limits
from direct detection. Cosmological bounds exist on
scattering via light mediators, e.g., [67,68] but only at
higher cross section. As mentioned above, in the case of a
massless mediator, the total cross section diverges, and
limits are typically reported in terms of a reference cross
section σ̄. We follow the parametrization of Ref. [13] (see
the Supplemental Material for details). In the light Z0 case,
scattering is typically softer, reducing attenuation in the
Earth, so we can constrain a much wider range of parameter
space. While Migdal effect bounds from SENSEI and
XENON10/XENON1T are stronger than our bounds at
large DM masses, our limits dominate for masses up to
5 MeV and extend down well below 1 MeV. Our projec-
tions show that DAMIC-M and Oscura can again probe
cross sections in the range 10−34–10−36 cm2, competitive
with the Migdal effect projections from Ref. [57] and
surpassing them for masses below ∼10 MeV (if one were
to extrapolate those projections to lower mass). We again
show direct detection constraints from SENSEI,
XENON10, and XENON1T for comparison. It deserves
mention that models of new light Z0 mediators coupled to

FIG. 2. Limits on the DM-nucleon cross section due to their
loop-induced coupling to electrons. Interactions via a heavy
vector mediator with αu ¼ −αd and αs ¼ 0. Our recast constraint
from SENSEI [47] is shown in red. The regions outlined in red
dashed and dotted lines will be accessible to DAMIC-M [54–56]
and Oscura [57], respectively. Existing detector constraints from
Migdal effect searches at SENSEI [47,58], XENON10=1T ([60],
as shown as in Ref. [58]), CDEX [61,62], and EDELWEISS
[63,64] are shown in gray, while Lyman-alpha constraints [59] are
shown in blue.

FIG. 3. Limits on the DM-nucleon cross section due to their
loop-induced coupling to electrons. Interactions via a light vector
mediator with αu ¼ −αd and αs ¼ 0. Recast constraints from
SENSEI [47] are highlighted in red, and the expected reach of
DAMIC-M [54–56] and Oscura [57] are outlined by the red
dashed and dotted lines, respectively. Migdal effect constraints
from SENSEI [47,58] and XENON10=1T ([60], as shown in
Ref. [58]) are shown in gray.
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baryon currents will also induce SM anomalies that can be
constrained through their contribution to rare meson
decays [69,70].
Finally, we note that an effectively massless Z0 pro-

duces an effective fractional electric charge (or “milli-
charge”) for the DM. We can compute the effective charge
induced by hadronic loops, and recast limits on milli-
charged DM as limits on DM-proton interactions via an
effectively massless vector. We report our results in terms
of ϵ, the DM charge in units of the electron charge,
i.e., qDM ¼ ϵe.
Figure 4 shows, as a color scale, the DM charge

corresponding to a given mχ and σnχ . In gray we super-
impose the same Migdal effect limits shown in Fig. 3.
Additionally, we show the strongest astrophysical bounds
on millicharged DM that can be recast for DM-proton
interactions. First, Ref. [71] argued that fractionally
charged DM interacting with Galactic magnetic fields in
the Milky Way would extract angular momentum from the
Milky Way disk, spinning down the disk over the course of
gigayears. Although they report an order-of-magnitude
uncertainty on their limit, Fig. 4 covers more than 10
orders of magnitude in ϵ. Taking this uncertainty into
account, these bounds still far supersede those set by the
tree-level interactions. Second, Ref. [72] considered milli-
charged DM moving in galaxy clusters under the influence
of cluster magnetic fields, and argued that if the DM charge
were too large, magnetic fields would substantially alter the
DM density profile. This results in another strong bound on
DM charge, also shown in Fig. 4.

The large DM-proton cross section increases scattering
compared to traditional millicharged DM. Thus, not all
astrophysical millicharge constraints can apply to the DM
considered in this work. For example, constraints from
supernova cooling [73] and galactic evacuation due to
supernova shocks [74] are severely weakened by enhanced
DM-proton scattering. However, we note that enhanced
proton scattering could strengthen the astrophysical bounds
shown in Fig. 4, by, for example, enhancing the amount of
angular momentum extracted from the Milky Way disk.
The couplings of a new vector mediator are subject to a

variety of constraints, ranging from meson decay to stellar
cooling. References [14,75] compile such constraints for
different mass ranges. For a DM mass of 10 MeV, the
mediator masses and couplings required to produce our
projections in Fig. 3 are easily allowed by the constraints in
Ref. [14]: the kinetic mixing parameter is constrained to be
below 10−9 at 1 MeV, and as large as 10−5 for the lowest
masses, compared to much smaller values shown in Fig. 4.
The couplings needed for the projections in Fig. 2 are
comparable to the limits in Ref. [75] (e.g., 10−3 at
100 MeV).
Conclusions.—We have presented a 1-loop calculation

of the low-energy DM-electron cross section resulting from
a tree-level DM-proton interaction. This interaction generi-
cally emerges in a wide range of DM models that interact
with quarks through a vector mediator. We have used this to
derive novel constraints on the DM-proton cross section
using existing constraints from SENSEI data. We have
shown that currently running and upcoming electron-recoil
detectors, DAMIC-M and Oscura, should be sensitive to
DM-proton cross sections currently beyond the reach of
nuclear recoil detectors. Finally, we have demonstrated that
DM that interacts with quarks through a light mediator at
tree level has an effective electric charge that can be used to
recast astrophysical and cosmological constraints on the
DM-electron cross section. Finally, we note that the
interactions we have studied could also become evident
in electroweak precision tests [76–78], which for a dark
photon model have limited γ − Z0 mixing parameters to
≲Oð10−2Þ; we leave this to future investigation.
Standard model loop interactions can be an effective tool

in exploring DM behavior, and are an inevitable but often-
ignored part of any DM theory. While we focused on quark
scattering interactions through a vector mediator in this
work, we note that other similar loop interactions may be
effective at bridging different DM-SM interactions in
annihilation processes andwithmediators not explored here.
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FIG. 4. Effective electric charge resulting from hadronic loop
interactions assuming αu ¼ −αd and αs ¼ 0. The white lines are
astrophysical constraints on millicharged DM: above the solid
line, cluster magnetic fields would noticeably alter the density
profile of galaxy clusters [72], while above the dashed line,
millicharged DM would extract too much angular momentum
from the Milky Way disk [71]. The same Migdal effect con-
straints from Fig. 3 are shown in gray [47,58,60].
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