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A possible extension of the Standard Model able to explain the recent measurement of the anomalous
magnetic moment of the muon consists in adding a gauged U(1) L,-L, Symmetry. If the dark matter particle
is charged under this symmetry, then the kinetic mixing between the new gauge boson and the photon
induces dark matter-electron interactions. We derive direct detection constraints on light dark matter
charged under a U(1) L,-L, Symmetry with electron recoil experiments and explore prospects with XLZD

and OSCURA to close in the parameter space able to explain simultaneously the recent measurement on the
anomalous magnetic moment of the muon and the observed relic density of dark matter. We further discuss
the spin-dependent scattering contribution arising in this model, which was ignored previously in the

literature.

DOI: 10.1103/PhysRevD.110.095018

I. INTRODUCTION

Some combinations of the family lepton number in the
Standard Model may lead to an anomaly free U(1) global
charge that can be gauged without the introduction of
several new particles. This is the case for the subtraction
between pairs of lepton numbers [1-3]. The corresponding
gauge boson of the U(1) symmetry is strongly constrained
when the differences involve electron number. However,
the L, — L, model is not so strongly constrained, and there
is a region of parameter space able to resolve the apparent
discrepancy between the Standard Model prediction for the
anomalous magnetic moment of the muon, and the latest
experimental measurement at Fermilab [4,5]. Another long-
standing puzzle in the particle physics community is given
by the yet unknown particle nature of dark matter [6]. In
recent years, models where the dark matter particle is
lighter than a few GeV and it is charged under a U(1)
extension of the Standard Model have received particular
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attention, e.g., [7-11]. A particular example of these
models is a dark matter fermion being charged under a
U(l) L,-L, symmetry, such that its coupling to electrons

proceeds via kinetic mixing of the associated gauge boson
with the Standard Model hypercharge boson. This model
has been studied in the context of GeV-scale weakly
interacting massive particles, e.g., [10,12—17], and in the
context of light dark matter, e.g., [18-27]. The model has
triggered the interest of the community in recent years,
since there is still a region of parameter space able to
simultaneously reproduce the observed dark matter relic
abundance and the measurement of the anomalous mag-
netic moment of the muon at Fermilab.

The allowed parameter space able to explain both
phenomena is not too large. In this work we will derive
updated constraints on this model from dark matter-
electron scattering searches at SENSEI-SNOLAB,
XENONIT, and PANDAX-4T [28-30], and we will show
that the region able to simultaneously explain the observed
dark matter relic abundance and the anomalous moment of
the muon may be probed with future experiments such as
OSCURA and XLZD [31,32]. Furthermore, we will cal-
culate the spin-dependent dark matter-electron scattering
contribution in this model, showing that it is negligible
compared to the spin-independent one.

The paper is organized as follows: In Sec. II, we revisit
the dark matter in the L, — L, model, describing the
relevant Lagrangian terms, the estimation of its relic
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abundance in the early universe within this model, the
contribution to the anomalous magnetic moment of the
muon, and the spin-independent and spin-dependent scat-
tering cross sections off electrons. In Sec. III, we present
the formalism relevant to calculate the ionization rates in
liquid xenon detectors and semiconductors. In Sec. IV, we
derive updated bounds on the parameter space of the model
from recent results of SENSEI-SNOLAB, XENONIT, and
PANDAX-4T, and derive projected constraints for future
semiconductor and liquid xenon experiments OSCURA
and XLZD. Finally, in Sec. V, we present our conclusions.

IL. DARK MATTER IN THE U(1), _, MODEL

The U(1),, _;, extension of the Standard Model plus a
fermionic dark matter candidate can be described by the
Lagrangian [20,33,34]

L=L, 1, +L, (1)

where £ L,-L, refers to the Lagrangian term associated with
the Z' gauge boson and L, to the dark matter particle, with
1 1 €0

Lo, == 322" +5 £
+ gﬂr(ﬁyaﬂ - %YGT + D;lyaPLDy - DT]/(IPLUT)Z;’

(2)

where F,; and Zﬁlﬂ corresponds to the photon and L, — L,
strength tensors, respectively. The lepton doublet L, (L,)
carries a positive (negative) charge, and g, is the gauge
coupling between the Standard Model (SM) sector and the
new gauge boson. The bare kinetic mixing between the
field strengths is denoted by ¢,. The Lagrangian of the dark
sector reads

m% ZL 7' + 27 F

L, = =g qr,xZ" — mjyx. (3)

where g, = g,,0, is a gauge coupling of the dark matter
and Q, its charge under the U(1) L,-L, Symmetry group.
This model features five new parameters: m,, my, g,, Gz
and ¢ to be constrained and/or determined. Constraints in
some of these parameters have been derived in previous
works [20,33], but only in certain scenarios and for fixed
relations between m, and my. Furthermore, the direct
detection phenomenology arising from scatterings off
electrons was not discussed in detail. In this work we
aim to address in a complementary and more extensive way
the interplay of these parameters, deriving updated bounds
and projections from direct detection experiments sensitive
to electron recoils.

Dark matter can acquire the observed relic abundance via
the standard freeze out mechanism within this framework.
The annihilation cross sections and decay widths that set

v 7' Y 7'

FIG. 1. Kinetic mixing between y and Z’ boson at leading order
and one loop.

the relic abundance were calculated in, e.g., [20,34], and
here we limit ourselves to show the relation between gauge
coupling vs dark matter mass values able to account for the
observed relic density of dark matter of the Universe. For
sufficiently heavy mediators myz > m,, and defining
y = g292.(m,/my)*, the cross section and abundance are
approximately related via [35]

3y 3x 107\ / m, \2
" S QR~0 [ —F—— ) (=£) . 4
o0 g = ( y ><G€V) @

4

In the following, we will use this relation to confront the
thermal dark matter region of the parameter space with
constraints from direct detection. The model also induces a
contribution to the muon magnetic moment a,, due to the Z'
exchange at one loop, with value [20,36-39]

oa

ee 2 1 m2 201 _
_ (gu‘r + 0) /0 mz/( ul (1 Z) (5)

" 472 1—2)+miz?

This shift of the purely SM prediction could be useful to
address the Aa, anomaly [39,40]. Here we will confront
direct detection results with the combination of g, and m
values yielding the observed anomalous moment of the
muon at the Muon g-2 experiment, where the required shift
with respect to the Standard Model contribution may be as
large as a, = (24.9 £4.8) x 1071 [5].

In the following, we calculate the dark matter-electron
scattering cross section in the L, — L, model from the
Lagrangian of Eq. (1). The mixing diagrams at tree level
and one-loop between the Z' and the Standard Model
photon are shown in Fig. 1.

We will factorize the cross section in terms of a spin-
independent and a spin-dependent contribution, which was
previously neglected in the literature. By following the
same parametrization as in [41] we can write the invariant
matrix element for the dark matter-electron interaction M
as' (see the Appendix for the full derivation):

'"The Z exchange diagram between the dark matter and
electrons has been neglected, as it is strongly suppressed by a
factor 1/m%, and the Z boson is much heavier than the Z' masses
considered in this work.
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where 1, is the reduced mass of the dark matter-electron
system, the Kronecker deltas ¢ are defined in spinor space,

the spin operators have been defined as 25 T g gen qis
the transferred momentum, k is the atomic electron
momentum and ¥ = ¥ —k/m, — G/(2u,.), with ¥ the
dark matter particle velocity. It is worth mentioning that
Eq. (6) is calculated via a nonrelativistic expansion up to
first order in €. Furthermore, we neglect the terms propor-
tional to the factor (;-) [41]. By factorizing out all the
prefactors and splitting the amplitude into a spin-indepen-
dent Mg; and spin-dependent part Mgyp, we get

4dm,m,g,ee
. . e

- (|a>|2 4 m%/) {MSI + MSD}v (7)

where

I WP
4dm,m, 8uZ, Su,m,)’

MSI — 5s’s5r’r(1 4
and

: 1 Y os's s 1 ss/arr = -
Mgp = _l<2mx5 (8," xq) +mf86‘ (S, x q)) -

1

(S)° % g)- (S." % ). 9)

yMe

We can compute independently the two squared matrix
elements, by noticing that the cross term 2R { Mg Mgy}
vanishes when averaging over spins, as the real part is
linear in S‘js and 7", whose average is zero. From Eq. (6) it
is already clear that the spin-dependent contribution is at
least of order O(g?), while the spin-independent contribu-
tion is of the order 1 plus some minor correction.
Concretely, we find for the averaged squared matrix
elements:

g1> _laP __laP 17

(Mgl]> = |1+
4mym, 8ui, 8Su,.m,

(10)

and
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8m;, m;
~14 ~14
- |q|2 2 |CI|2 2 (11)
256mym;  16mym;

with @ the scattering angle.

III. ELECTRON IONIZATION RATES
IN DIRECT DETECTION EXPERIMENTS

The dark matter scattering off electrons have been widely
studied in recent years, e.g., [41-48]. Here we revisit the
formalism for the spin-independent and spin-dependent
scattering cross sections in the U(1), _; model. The spin-
independent differential ionization cross section in liquid
xenon is given by

dCTlSOIn 5, /(Imax
—on_ _ "¢ dqgl|F q)|*
dInE,, Sﬂ;z(e qdq| DM(‘])|

min

x [1 + Csi(my,, mo)| G221 fion (K. 3)

x@(cose—v"ﬁ"),
v

where

1 1 1
-5 - ) . (13)
dm,m, 8y, Bu,.m,

Csi(my.m,) = <

|Fpm(g)| is known in the literature as the dark matter
form factor, introduced to parametrize the momentum
transfer dependence of the scattering. In our specific model,
there are additional momentum dependent terms, but we
factorize the dark matter form factor for reference with
other works on dark matter-electron scatterings. It is
given by
2 2\2
Fov(@P = (A s
|q]* + m3

and we have factorized the dark matter-electron scattering
cross section at fixed momentum transfer ¢ = am, (with a

the fine structure constant) at leading order as [41]
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1 6ﬂ,u)2(e owc)(€2

(2 + (am, )7 (13)

6, =

with a, = g;/(47n), u,. the reduced mass of the DM-
electron system, and e the kinetic mixing. Furthermore,

If i,,”(E/, q)|? are the atomic ionization form factors. It is
given by the transition probability from the initial (bound
electron in the atom with quantum numbers n, [/, m) to the
final state (free electron with quantum numbers k', I', m’),
concretely [41,42]

R 713 3
Fon(Foq) = 2K / (d ’; Vow (Kt Dyam(®). (16)

(2z)? ) (2

This factor is independent of the dark matter physics, but its
behavior crucially affect the ionization rates observed at
experiments. Finally, we describe the relevant kinematic
|

relations entering in the ionization rates. The minimum
dark matter velocity needed to ionize an electron in the
(n, 1) shell with outgoing energy E,, is given by

_ B, +EM dl

Umin =

. , (17)
4| 2m,

where E™ is the binding energy of the atomic electron. The

integration over momentum transfer is performed in the
range

qmin = M,V — \/m

_ 2,2
Gmax = M,V + \/va

—2m, (E,, + |

),

_Zm){(Eer+ |Enl|)‘ (18)

We find that the spin-dependent differential ionization
cross section is given by

i = P [ g L Fop @ LRI Cop () +171°Copaimy )
dInE,, = 8#59 - qaq » pm\4q q SD,1\1y, M, q| Cspa\my,, m,
_|CI| mmCSDl( me)}G)(COSG_U?n) |fi()n(]_é/7 ‘7)|23 (19)
|
where we have defined light as a few hundred keV. The scattering rate formalism is
similar to the one in liquid xenon, with the main difference
Copt = R n e that. th.e elec.tron is now part of the band structure in the
8my;  4m’ periodic lattice of a semiconductor crystal. The differential
1 1 scattering rate to excite an electron from level i to f is given
Cspo = + . (20) by [52]

256m)2(m§ 16m)2(m§

The differential ionization rate is finally given by the
convolution of the differential cross section with the
incoming dark matter particle flux [49]

da (v,E,,)
1on 3 - ion er
dlnEe, —NTZ/d vF (7 + 7, —dlnEe, . (21

The dark matter flux on Earth is given by

Py
= mf{f(v +7.) (22)

F(v+ v,)

with p, = 0.4 GeV/ cm? the local DM density [50,51], and
we assumed a Maxwell-Boltzmann velocity distribution in
the detector frame f(7 + ¥,). Ny is the number of targets
per unit mass and the sum runs over initial quantum
numbers of a bound electron in the (n,l) shell of an
atom [52].

Semiconductors are promising target materials for dark
matter-electron interactions because their O(1 eV) band
gaps allow ionization signals from dark matter particles as

dR.,  p _mg E
WcEre:_)){( Cella.ge/;{/dlnqjﬂ(vmin)

< |Fon(@PIF7 (0, B2, 23)
where E, the total energy deposited, and N, =

M yrgei/ Moy is the number of unit cells in the crystal
target. The rate depends on the dark matter velocity
distribution via

H(Umm) = /d%)f(ﬁ + 66)%®(U - Umin>7 (24)

where, in the current notation, the minimum velocity
necessary for scattering is given by

IfII
ey M1 25

The electronic band structure is contained in the dimen-
sionless crystal form factor, which is an intrinsic property
of the target material. It is calculated as [52]
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&Gk = wik+ G+ @ik +G).  (26)
G

where the initial and final wave functions of the electrons
are described by Bloch functions. Direct detection experi-
ments are not able to measure the deposited energy on the
primary electron E,, but instead the number of electron-
hole pairs produced in an event (ionization signal Q) given
by [52]

E,—E
O(E,) =1+ {—gf’] (27)
£
Si
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Eq,, is the band-gap energy and ¢ is the mean energy per
electron-hole pair. In addition to the primary electron-hole
pair produced by the initial scattering, one extra pair is
created for every extra ¢ energy deposited above the band
gap. In Fig. 2, we show the electron ionization rate in
silicon (upper plots) and xenon (lower plots), for different
benchmark parametrizations. For the numerical calcula-
tion of the scattering rates, we modified the QEDark
module [52] and weakly interacting massive particle
rates [29] accordingly. In the left side plots, we show
the ionization rates on the very massive mediator (solid)
and ultralight or massless mediator (dashed) limits, for
fixed values of the dark matter mass and the nonrelativistic

mgz = 3m, , gy =0.1, g, = 0.01

102 4 my = 10 MeV
—— my = 100 MeV
T 1074 —— my = 1000 MeV
S o
j’lco 107~ 1
=
2 107
[0}
s
= 1076 1
5
E 1078.
=
10710 i
10-12 . . . .
10 20 30 40
Electron energy (eV)
my =3my , g, =01, g, =0.01
10° - — my =10 MeV
my = 100 MeV
. 10-2 —— my = 1000 MeV
g \
;blco 1074_
>
2
£ 1071
©
qi) 1078_
L
=
[a)
10710_
1012 T T
10° 10! 10?

Electron energy (eV)

FIG. 2. Electron ionization rate induced by dark matter-electron scatterings in Si (upper panels) and Xe (lower panels) as a function of
the electron recoil energy. For the left side plots, the solid (dashed) lines correspond to a massive (massless) mediator. On the right-hand
side plots, we show the ionization rate for different values of the dark matter mass, under a fixed relation between the dark matter and
mediator mass mz = 3m,, fixed dark gauge coupling g, = 0.1, g,, = 0.01, and kinetic mixing with typical value from being generated

at one loop, € = g,./70.
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Ratio of ionization rates on liquid xenon due to spin-independent vs spin-dependent dark matter-electron scatterings as a

function of the electron recoil energy, for two reference values of the dark matter mass, and a heavy and ultralight/massless mediator,
respectively. The corresponding ratios for lower dark matter masses are even smaller than the ones shown in the figure.

scattering cross section. On the right side plots, we show
the scattering rate for a fixed relation between the dark
matter and the mediator masses, my = 3m,, dark gauge
coupling g, =0.1, and kinetic mixing given by the
irreducible contribution from the loop diagram shown in
Fig. 1 [53-56]

e =y,
1272

(28)

2
m
—~ 70.

gmi Gue/

In Fig. 3, we show the ratio of ionization rates on liquid
xenon induced by spin-independent vs spin-dependent dark
matter-electron scatterings, as a function of electron energy,
for a dark matter mass of m,, = 100 MeV (dark yellow) and
m, =1 GeV (red), and for a very heavy mediator (left) and
a massless mediator (right). We find that the spin-depen-
dent contribution is suppressed by 7 to 9 orders of
magnitude at the relevant energies of direct detection
experiments, therefore being negligible compared to the
spin-independent contribution.

IV. UPDATED CONSTRAINTS
AND PROJECTIONS

In this section, we present exclusion limits on the
parameter space of the U(1), _; model and the dark

matter fermion. The results are presented in various
scenarios, linking them to previous studies. For the deri-
vation of the upper limits, we simply impose that the
number of events in the region of interest of the experiment
shall be lower than the 90% CL Poissonian upper limit on
the total number of events reported (or projected) by the
experimental collaborations. In particular, we find the
90% CL upper limit of the number of signal events from
each experiment ¢ from the Poissonian likelihood [57]

( :ig + Ngck)NSbS B

si sig | arbek
L(NE) = NObs ! e (NN, (29)

where N3¢ is the number of signal events, N is the
number of background events in the region of interest, and

N° is the number of observed events. Then, we find the
<271,

where the y? distribution is given in terms of the exper-
imental likelihood as y? = —2In L(N¢®), and y2 ;. is the
minimum of the distribution.

In Table I we show the relevant information from all
experiments considered in our analysis. The total number
of background events N is obtained after integrating the
background levels reported by each present or projected
experiment over its measured energy range.

90% CL limit on N3® after solving x2 —x2

TABLE I. Relevant details of the experiments considered in this work.

Experiment Material Exposure Energy range Background level Events
XENONIT [29] Xe 22 t-day 0.1-4 keV 1 (keV x t x day)~! 39
PANDAX-4T [30] Xe 0.55 t-year 0.07-0.23 keV 10 (keV x t x yr)‘1 17
SENSEI-SNOLAB [28] Si 534 g-day 4.9-16.3 eV 4.96 (eV x g x day)™! 55
XLZD [32] Xe 200 t-year 0.1-30 keV 15.8 (keV x kg x year)™! 39
OSCURA [31] Si 30 kg-year 4.9-16.3 eV 1 (eV x kg x year)~! 3
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,/’ (9-2),
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10~ 1=
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SNOLAB
1071
.
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w3 =——
e
1074k —— Complementary bounds 7
— myr = 3my
ot 102 10°
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FIG. 4. Upper limit on g,, coupling as function of the mediator mass m_, for two different values of m,/m  and considering g, = g,,
(lower plot), g, = 0.01 (upper left plot), and g, = 0.1 (upper right plot). We use € =~ g,,./70. The purple solid (dashed) line corresponds
to the combination of values able to reproduce the observed relic abundance of dark matter for my /m, = 3 (m, /m, = 10). We rescaled
the results from [15,20]. The green band corresponds to the combination of values able to explain the (g —2), anomaly.

In Fig. 4, we show 90% CL upper limits from SENSEI-
SNOLAB (cyan), XENONIT (blue), OSCURA (black),
and XLZD (gray) on the gauge coupling g,, vs the Z'
mediator mass, assuming different relations between g,.
and g,, and two relations between the mediator and dark
matter masses, my = 3m, (solid) and my = 10m,
(dashed). For comparison, we show in orange complemen-
tary constraints from measurements of the effective number
of cosmological neutrinos N [54], CMB [58-60], neu-
trino trident production [61,62], and colliders [18].
Additional astrophysical constraints arise from cosmic
ray cooling in active galactic nuclei [63] and cosmic ray
electron boosted dark matter [64,65]. The recent results of
NAG64 have been rescaled accordingly [66]. Concretely, in
the upper left panel of Fig. 4, we display in magenta color
the limit obtained by the collaboration on the gauge boson,
via missing energy-momentum technique. In the upper
right panel of the Fig. 4, we display the more restrictive
limit obtained from decays of the gauge boson into dark

matter particles, assuming g, = 0.1 and my = 3m,. We
also confront our bounds with the region of the parameter
space able to explain the relic density of dark matter (solid
and dashed purple) [18,20], and the anomalous magnetic
moment of the muon (green) [5].

As can be noticed in the plots, thermal light dark matter
in this model with g,, = g, is two orders of magnitude
below current constraints (SENSEI-SNOLAB, XENONIT,
and PANDAX-4T), and it may be close to be partially
probed for future experiments like OSCURA and XLZD.
Furthermore, the combination of parameters able to explain
the recent measurement on the anomalous moment of the
muon and the observed relic density of dark matter could be
probed (XLZD and OSCURA) for certain choices of
the dark gauge coupling g,. This plot clearly shows the
discovery potential of muonic forces with low-threshold
dark matter detectors. It should be noted that the new gauge
boson is constrained by colliders and beam dump experi-
ments at masses above my 2 0.5 GeV [18], so the most
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FIGUEROA, HERRERA, and OCHOA

PHYS. REV. D 110, 095018 (2024)

107 T

XENON 1T
10~ 9L

SENSEI
SNOLAB

Migdal Projected

OSCURA Qh2
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FIG. 5. Upper limits on the parameter y = ea,(m,/mz)*,
from a variety of electron recoil experiments. For comparison, we
show current limits from the Migdal ionization signal induced by
nuclear recoils in PandaX-4T [30], and projected Migdal ioniza-
tion limits rescaling the exposure to that projected by the XLZD
experiment. Furthermore, we show the thermal target for this
fixed choice of ration between mediator and dark matter
masses, mz /m, = 3.

interesting region of parameter space lies in between this
value and the cosmological bound. There are additional
constraints on the new mediator from neutrino-electron and
neutrino-nucleus scatterings in this model, however, we
find these to be unable to probe the region of parameter
space favored by the g—2 muon anomaly [67]. Solar
neutrinos at direct detection experiments may allow us to
probe new mediators, but not the dark matter particle
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nature. However, they may constitute a Standard Model
background for the dark matter detection via ionization
signatures [68—70], and also a background for dark matter
in the context of the L, — L, model, e.g., [67,71-74].

In Fig. 5, we display limits on the parameter y =
Ggnc(m,/mz)*, from all experiments discussed previ-
ously, and compare with limits derived from the Migdal
ionization signal from nuclear recoils in PandaX-4T [30].
Furthermore, we show estimated projected limits on this
parameter space from the Migdal effect in the future XLZD
experiment. For this purpose, we simply rescale the limits
from PandaX-4T with the projected exposure of XLZD. We
have checked that the energy threshold, experimental
resolution and efficiency functions in PandaX-4T and the
XENONIT experiment have an effect on the limits of less
than 10% for the dark matter masses of interest, but our
projected limit should still be regarded as estimative. In the
figure, we also show the thermal relic target in such
parameter space, to allow for comparison with experimen-
tal limits. For various masses, the projected limits from
OSCURA and XLZD lie remarkably close to such thermal
values, which indicates that these experiments may be able
to probe certain regions even for this relation of mediator
and dark matter masses mz/m, = 3. The prospects are
more promising for larger ratios of mediator and dark
matter mass, as we will show in the following.

In Fig. 6, we show upper limits in the parameter space of
dark gauge coupling g, vs dark matter mass m,,, for fixed
values of the gauge coupling g, able to explain the muon
g — 2 anomaly, and two values of the mediator mass my =
10 MeV (mz = 100 MeV), for which g,, = 5.04 x 10~
(Gue = 9.5 % 107%). As can be appreciated in the figure,
current constraints from XENONIT and PandaX-4T lie less
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FIG. 6. Upper limits on g, as a function of m,,, for fixed values of g, able to explain the anomalous magnetic moment of the muon.
Thermal dark matter able to explain the anomalous magnetic moment of the muon could be probed by future experiments XLZD and

OSCURA in a wide range of parameter space.
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FIG. 7.

than an order magnitude away from the thermal prediction,
and future experiments OSCURA and XLZD may be able
to close in a large portion of parameter space for mediator
masses my < 100 MeV. This indicates that dark matter
charged under a L, — L, may be strongly constrained at
the MeV scale in the near future via the complementarity
between two different observables: measurements of
anomalous magnetic moment of the muon and ionization
rates in direct detection experiments. For completeness, we
also show in Fig. 7 the upper limits for the product g,g,..

V. CONCLUSIONS

We have derived direct detection constraints on dark
matter charged under a U(1) L,-L, Symmetry, via its
scatterings off electrons in current and future low-energy
liquid xenon and semiconductor detectors. In particular, we
have derived constraints from XENONIT, PANDAX-4T,
SENSEI-SNOLAB, XLZD, and OSCURA. Moreover, we
have calculated the spin-dependent scattering contribution
arising in this model, and we have shown that it is generally
negligible compared to the spin-independent one at the
energy scales of direct detection searches.

Current sensitivity from SENSEI-SNOLAB, XENONIT,
and PANDAX-4T is not sufficiently strong to constrain the
theoretically expected values from thermal dark matter
production in the L,— L. model at the MeV scale.
However, projected constraints from OSCURA and XLZD
will allow us to probe a substantial region of the parameter
space of dark matter couplings and masses able to simulta-
neously explain the observed dark matter relic abundance and
the anomalous magnetic moment of the muon. Only if the
gauge boson mediating the interaction between dark matter
and electrons is much heavier than the dark matter particle
(mz z 100 MeV), direct detection experiments would not be
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Upper limits on g,g,, as a function of m,, for fixed values of my.

able to probe a substantial part of parameter space accounting
for the relic density of dark matter.

We hope that incoming direct detection experiments will
allow to robustly test light dark matter charged under a
L, — L, symmetry at the MeV scale. In this work, we have
shown that this task would become feasible with future
experiments like OSCURA and XLZD.
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APPENDIX: DERIVATION OF MATRIX
ELEMENT OF ELASTIC DARK MATTER-
ELECTRON SCATTERING

In this work we have focused in the regime where
my < my. Besides that, we have focused on dark matter
masses larger than the electron mass, whose velocity is
typically greater than the dark matter particle velocity [41].
The Z-boson contribution is suppressed by a factor m% in
the light regime, so that it can be ignored and the amplitude

is finally written as (up to first order in ¢)
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Let us define a spin-dependent part
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