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We study a model with a vector dark matter (DM) candidate interacting with the standard model (SM)
charged leptons through a scalar portal. The dark matter candidate acquires mass when the complex scalar
breaks an Abelian gauge symmetry spontaneously. The scalar interacts with the SM charged leptons
through a dimension-6 operator. The scalar mediator induces elastic scattering of dark matter with electrons
at tree level and also DM-nucleon interaction when the effects from scalar-Higgs mixing are taken into
account. Given the recent results from XenonlT upper bounds on DM-electron elastic scattering cross
sections where the strongest sensitivity lies in the range ~O(1) GeV, we find the viable space in the
parameter space respecting constraints from the observed relic density, direct detection, muon (g, — 2)
anomaly, e e~ colliders, electron beam-dump experiments and astrophysical observables. It is shown that
the current upper bounds of XenonlT on DM-electron interactions are partially sensitive to the regions in
the viable parameter space which is already excluded by the electron beam-dump experiment, Orsay. We
also find that there are viable DM particles with masses ~O(1) GeV evading the direct detection but
standing well above the neutrino floor. Almost the same viable regions are found when we apply the direct

detection upper limits on the DM-proton spin-independent cross section.

DOI: 10.1103/PhysRevD.104.115008

I. INTRODUCTION

The nature of dark matter remains an unresolved
problem, and the solution might reside at the intersection
of cosmology and particle physics. The gravitational
evidence for dark matter (DM) from cosmological observ-
ables is beyond doubt, but its particle nature is still
hypothetical [1,2]. Weakly interacting massive particles
(WIMPs) have been vastly studied as candidates for dark
matter [3—5]. The mass of the WIMPy dark matter can be as
light as that for axions [6] or it may emerge at the TeV scale
[7,8]. The thermal production of DM in the early Universe,
known as the freeze-out process [9], is a natural paradigm
in cosmology resembling the same mechanism which has
made very successful predictions for light element abun-
dance and the cosmic microwave background. The mass of
the dark matter particle and its interaction type are key
ingredients in searching for its direct detection (DD).
Interactions with velocity suppressed or momentum sup-
pressed DM-nucleon scattering cross section are instances
where DM may evade detection in direct and collider
searches [10]. A direct search for DM candidates with
masses of around 10 GeV up to hundred GeV having
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DM-nucleon interactions has been a dedicated strategy in
underground DD experiments [11-13]. In fact, we do not
know if WIMPs should necessarily interact with the atomic
nuclei. At any rate, if DM interacts with nucleons, it might
be in the mass range in which the current DD experiments
cannot exclude it. This in turn advocates the absence of
DM-nucleon elastic scattering in current DD experiments.

One possible avenue in direct searches for dark matter
is that DM might interact exclusively with the SM leptons
and possibly have suppressed interactions with nucleons.
The focus here is on WIMP candidates with masses in the
range <10 GeV communicating with the SM leptons by
exchanging light scalar mediators. This type of interaction
for DM receives stringent constraints from astrophysical
and cosmological observations [14—17]. Additionally,
searches beyond the SM in rare kaon decays [18,19],
e"e™ colliders [20-22], beam-dump experiments [23-27],
and muon anomalous magnetic moments (MAMMs)
[28,29] are highly motivated probes of light dark matter
with a leptophilic scalar mediator. Moreover, we apply
the newest results from XenonlT [30], which probe
DM-electron scattering for DM masses in the range
(0.03-10) GeV.

The standard model (SM) prediction for the muon
magnetic moment reads ay" =(1165918104+43)x 1071,
where contributions from QED [31,32], QCD, or lattice
QCD [33-48] and electroweak interactions [49,50] are
taken into account with the highest precision. The first
measurement indicating a deviation from the SM prediction
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was found by Brookhaven National Laboratory (BNL),
aBNL = (116592089 4 63) x 107! [28]. The newest meas-
urement which confirmed the deviation was announced
by the Fermi National Laboratory (FNAL) with improved
statistics, aj"A = (116592040 + 54) x 107" [29]. To
explain the deviation, a large number of investigations
applying various models beyond the SM are performed.
Among them there are models introducing DM candidates
interacting with the SM leptons via leptophilic scalar [51—
61], via a generic scalar mediator [62—64], and through
vector mediator [65-68], with emphasis on the MAMMs.

This work examines a dark matter scenario in which the
DM candidate is a vector gauge boson in an Abelian scalar
gauge theory. The gauge boson acquires mass when
the symmetry is broken spontaneously. Thus, the mass
of the gauge boson is confined by the gauge coupling and
the vacuum expectation value of the new scalar. On the
other side, the scalar mediates the force between DM and
the SM charged leptons. In this work the scalar interaction
with the SM leptons is induced by dimension-6 operators.
The models with a scalar mediator motivated by an
effective field theory with dimension-5 operators are
studied in [69-71]. The main purpose of this work is
twofold. We would first like to see if DM candidates and
appropriate scalar mediators can be found to explain the
newest muon magnetic moment anomaly and, at the same
time, satisfy other constraints from indirect searches.
Finally, we investigate to find out whether the most
strongest upper limits on DM-electron and DM-proton
scattering cross section from XenonlT are sensitive to the
remaining viable parameter space.

The structure of the paper is as follows. In Sec. Il the DM
model is presented and the effective operators of dimension
6 are motivated by introducing a UV complete model. A
discussion of the evaluation of the DM abundance is given
in Sec. III. A couple of different terrestrial and astrophysi-
cal constraints are introduced in Sec. IV. Our final results
are shown in Sec. V after imposing the upper bounds from
DD experiments. We finish with a conclusion.

II. MODEL

The model we consider here contains a complex scalar
field gauged under a U’(1) symmetry with the Lagrangian

1
Lpm = (Dy¢)(Dﬂ¢)* - m*pd* — ZF/”VF;Qw (1)

where D, = 0, —ig,V,. The U'(1) gauge symmetry is
broken when the complex scalar field gets a nonzero
vacuum expectation value, v,. The scalar field can be
parametrized as ¢ = \/%(s + vy) exp(—in/v,). Here s and
« are real scalar fields. The Goldstone boson is “eaten” by
the longitudinal component of the gauge field giving a mass
to the gauge boson as My = g,v;.

In addition, one may consider a type of low energy
effective interaction for the complex scalar ¢ in the form of
a dimension-6 operator as ~ 1 || LHl. Here H is the SM

1

Higgs doublet, L is the SM left-handed lepton doublet, I is
the right-handed SM lepton, and A; is an appropriate
energy scale for lepton /. In principle the dimension-6
operators including the SM quarks like A—lz |p|>*OH ug and

A%|¢|2QHdR are allowed by the symmetry. These inter-
0

actions induce a large contribution to the DM-nucleon
elastic scattering leading to the exclusion of the entire
parameter space by the current direct detection bounds.
Through a UV complete model we will propose a lepton-
specific scenario in which only the leptonic operator is
important.

Here we discuss a possible UV completion of the above-
mentioned effective interactions. To this end, we introduce
a heavy new Higgs doublet, ®, with appropriate quantum
numbers. The new doublet in general can have interactions
with all the SM fermions. In this work we are interested in
the so-called lepton-specific models in which the new
doublet interacts only with the SM leptons. This type of
interaction for the new doublet is motivated in two-Higgs
doublet models [72-74]. We consider the following UV
model:

Lyy=y,PL,ex+y,PL, g +y,PL,7z+x® H|p|* +H.c.,
(2)

where H is the SM Higgs doublet. In the limit in which the
mass of the new doublet is heavy, integrating out the heavy
doublet will lead us to the dimension-6 effective operator
introduced earlier, i.e., ~Ai% |p|*LHI.

Therefore, if we assume that the new scalar interacts with
the SM particles only through the leptonic operator, then it
couples to the SM charged lepton currents effectively as

Legr = oysltl™, (3)

where [ = e, u, 7, and «; is the corresponding effective
coupling constant. The effective couplings of the scalar to
leptons are parametrized to be mass-hierarchical couplings,
o = ;’)—’;cl, which is intriguing phenomenologically.
The cutoff scale A; is obtained as A7 ~ v,v,/a;, where
v, is the vacuum expectation value of the SM Higgs.
Following the same line of reasoning in [69], in the
above effective Lagrangian we expect the two-loop con-
tribution to the muon anomalous magnetic moment
(Aa,)?* and the one-loop contribution to the muon
anomalous magnetic moment (Aa,)"°%, satisfying the
relation (Aa,)?°P/(Aa, )P ~ A2 /(8x*v;). To have a
smaller two-loop contribution than one-loop contribution,
we should have A, < 2v27zv, ~2 TeV.
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TABLE I. The decay width I'(h — sz*77). The relevant effective coupling a, = 107!
my (GeV) 1073 0.1 1 5 10 50 100
I (1073 GeV) 6.68 5.76 5.16 45 3.90 0.675 0.002.49

The interaction Lagrangian which is relevant in this work
includes these terms,

1
Lo = Go,sV, V! 4 S @V, V + sl 1™ + A shiti-.
v

4)

The dark gauge boson V is identified as our vector dark
matter candidate. In the rest of the paper we shall use my, and
mpy exchangeably. Moreover, we may consider another
interaction term in the Lagrangian as ~§ A|¢[*H" H, which
can arise from the potential part of the UV model. We will
justify below that, in order to respect bounds from the
invisible Higgs decay, the coupling 4 should be negligible.
This interaction is interesting here because it causes mixing
between the singlet scalar and the SM Higgs, which can then
lead to the invisible Higgs decay via the interaction
~(giv,sin@)hV,V¥. The mixing angle § which diagonal-
izes the scalar mass matrix satisfies the relation
sin 260 = 2Av,v,,/(m3 — m?). The SM Higgs invisible decay
width in the decay process i — V'V is given by the formula

gAvim; sin® 0

Iy = (1 —4x? + 12x4) (1 —4x®)1/2,  (5)

167m7,

where x = my/m,,. The observed upper limit at 95% con-
fidence level on the branching ratio of the invisible Higgs
decay is ~0.19 [75]. Depending on the region of parameter
space that we explore in this work, it is found that if the
mixing angle @ lies in the range <8 x 107*, then the
respective regions evade bounds from invisible Higgs decay.

The last term in Eq. (4) opens up the possibility of a new
decay channel for the SM Higgs. The Higgs particle can
then decay to a scalar s in the process & — sff, where f
stands for the SM leptons. In the following we present some
results for the decay width of 4 — sz 7z~ in terms of the
scalar mass. We picked out this decay channel because it
has the largest decay width. The chosen value a, = 107! is
large enough to find the upmost contribution to the Higgs
total decay width. Since the decay width is proportional to
aZ, it is easy to estimate the decay width for other values of
a,. To compute numerically the decay width I'(h — sz777)
the code CalcHEP [76] is employed. Our results for the decay
width is presented in Table I. We can estimate that the total
decay width, T'(h — sff ), for the scalar mass of interest in
this work is of order ~10™> GeV. The total decay width of
the SM Higgs is 3.273% MeV [77]. In conclusion, the total
decay width T'(h — sff) is about 2 orders of magnitude
smaller than the Higgs total decay width, and therefore the

measured Higgs decay width will not put any constraints on
the relevant parameters.

III. CONSTRAINTS FROM WMAP/PLANCK
OBSERVATION

With no evidence of 100 GeV DM in direct detection
searches thus far, the interest has pushed toward low mass
DM or light DM with ~GeV DM particles. In this work we
adopt thermal production of light DM particles through the
so-called freeze-out mechanism, which sounds natural and
is regarded as a standard mechanism for a thermal relic.
During this thermal process DM annihilates to the SM
particles (visibles) or other particles (secluded sector),
and the reverse processes take place. The annihilation rate
is in competition with the expansion rate of the Universe in
the early Universe. There is a special temperature
called the freeze-out temperature, T, or the decoupling
temperature around which the DM particles get out of
equilibrium and its density remains constant thereafter. The
stronger the DM interaction with the SM particles, the
longer it takes for DM particles to freeze out. The dark
matter relic density is a function of the thermally averaged
annihilation cross section, (ov), as Qh*> « (6v)~'. The
observed value of the dark matter density is QA% ~0.12
[16,17]. The theoretical value for the DM relic density
in the model parameter space is obtained by solving
the relevant Boltzmann equation numerically applying
MIiCrOMEGAs [78].

Initially, we would like to find viable regions in the
parameter space with DM masses in the range
1073 GeV < mpy < 10 GeV, which gives rise to a relic
abundance consistent with the observed value provided by
WMAP [17] and Planck [16]. When thermal WIMPs have
s-wave 2 — 2 annihilation to visible final states, the
observed DM density puts a lower limit on the WIMP
mass, m 2 20 GeV [79]. However, this is not the case when
WIMPs also annihilate to a secluded dark sector. There are
two possible DM annihilation channels for the DM
particles in our model, namely, annihilation to a pair of
dark scalars and annihilation to a pair of the SM
charged leptons. In fact, we stay in a region of parameter
space that 2 — 2 annihilation processes are dominant. DM
particles can annihilate as VV — ss via ¢ and u channels
with the exchange of a vector boson and annihilation for a
pair of dark scalars through a contact interaction if
mpy > M. In addition, the s-channel DM annihilation,
VV > s —ete ,utu~, 777", will be accessible when
they are kinematically allowed. When we consider the
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FIG. 1. Feynman diagrams for DM annihilation with dominant

contributions.

scalar-Higgs mixing processes, another annihilation chan-
nel, VV — h — f*f~, becomes possible. However, since
its annihilation cross section is proportional to sin? @ and
is restricted to quite small values, this effect has a very
small contribution to the DM relic density. The relevant
Feynman diagrams for the DM annihilation processes with
dominant contributions are depicted in Fig. 1. The ana-
lytical formulas for the DM annihilation cross sections are
given in the Appendix. The analytical results are confirmed
after we implement our model in the code CalcHEP [76].
The parameter space that we scan over lies in the
following intervals: 107 GeV <m,;<100GeV, 0 < g, < 1,
O<c,=c,=c, <1, and 1GeV <wv; <300 GeV.
Remember that my = mpy = g,v, and a; = (';—;)cl. In

our scan the number of samplings is 107. In each sampling,

only when the computed relic density is consistent with the
observed DM relic density can we keep the sampled free
parameters. After finding the viable values for the param-
eters ¢;, gy, Uy, My, and mpy;, we present in the mpy — mg
plane the resulting values for ¢, g,, and vy, respectively, in
three plots in Fig. 2. It is evident from the results shown in
Fig. 2 that a larger DM mass toward 10 GeV requires a
larger mass for the scalar up to about 100 GeV.

IV. VARIOUS CONSTRAINTS ON
SCALAR-MUON COUPLING

In this section we discuss several types of constraints that
might affect the viable parameter space.
(I) Muon anomalous magnetic moment.—The precise
measurement of the muon anomalous magnetic
moment, a,, has been under intense scrutiny for a

long time; for a review on this subject, see [80]. This
quantity is defined as a, = 9”2_ 2 where gy 1s the well-
known gyromagnetic ratio for muon. At tree level in
perturbation theory the quantity g, reads g, = 2.
The SM radiative corrections include loop contri-
butions from QED, QCD, and weak interactions.

100 ; . S 100 : : MR-}
Do 1o° Nt 1°
10 |
2 1k & 107!
o,
E(/J
o1}
1072
0.01
. ’ -3
0.001 i I 10
0.001 0.01 0.1
mpp [GeV]
100
S
[0]
S
E(IJ
0.1
0.01
0.001 Lt ST B el - .,
0.00 0.01 0.1 1 10
mpy [GeV]

FIG. 2. Application of the constraints on the relic density from WMAP/Planck only. In the plane mpy — m,, viable ranges for the

parameters mpy;, My, €, gy, and v, are shown in the three plots.
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D

(II)

The theoretical prediction of muon magnetic mo-
ment in the SM suffers mainly from the uncertainties
in the hadronic vacuum polarization and the had-
ronic light-by-light scattering. A sizable deviation
Aa, observed in past experiments at BNL [28] is
considered a footprint of a probable new physics
when one takes into account the controllable un-
certainties from the theoretical side. Newly updated
data from the muon g — 2 experiment at FNAL not
only supports the long-standing discrepancy but also
provides results with improved statistics [29]. The
new result comes along with a significance of about
4.20 and indicates a positive excess over the SM
prediction. An updated experimental world average
gives Aa, = a; " —a” = (2.51 £0.59) x 107°.

As a new physics effect, the scalar mediator in the
present model will contribute to the muon anoma-
lous magnetic moment at loop level and leads to the
following correction:

AaNP—a—’z‘/l(l_Z)z(l+Z)d

8y (1-2)2+ b2z

872 |2

)
-2V b*—4(b*—1)btanh™! <—> +3)
( ) bV b*—4

b(b*—5b*+4)tanh~!( b§_4)
Vroa e

‘7‘124 1 2 2 2 2
=21 (—2b? 4+ (b2 = 3)b2log(b?)

+

where b = 7. The new data on the muon magnetic

n"

moment deviation put stringent constraints on the
scalar-muon coupling and the scalar mass.

ete™ annihilation in colliders.—In e e~ colliders
the production of the new scalar is possible through
the process ete™ — ptu~s. The scalar will sub-
sequently decay to utu~ and therefore there are four
muons in the final state. The BABAR experiment
conducted a search in this channel and found the
strongest upper limits on the effective coupling, a,,,
for m;>2m, [20]. For scalar masses with
mg < 2m,,, the Belle I experiment found constraints
in a search for scalar production in the same channel
but with the subsequent decay s — Invisible [21].
Moreover, the BABAR experiment has found con-
straints on a leptophilic scalar (®;) decaying pre-
dominantly to leptons [22]. The limits constrain the
scalar coupling for scalar masses up to ~7 GeV.
Beam-dump experiments.—Proton and electron
beam-dump experiments are suitable probes in the
search for new physics at low energy. In particular, a
secondary muon beam originating from the original
beam may radiate a dark scalar and the scalar can

mpw [GeV]
— 10

Belle Il p*u BaBar pHp(pty)

. ".‘BaBarmL" U

1050

=~ 0.001
102

106
103

100 10!

mg [GeV]

1072 101

FIG. 3. Points in color show the viable space respecting the
observed DM abundance in the &, — m, plane. Constraints from
ete™ colliders and electron beam-dump experiments are im-
posed. The allowed region from muon anomalous magnetic
moment is also shown as a red band.

subsequently decay into the SM leptons. Therefore,
it is possible to search for the scalar-lepton coupling
in these experiments. We apply exclusion limits on
the scalar-muon coupling from two electron beam-
dump experiments, Orsay [23] and E137 [24].
(IV) Meson decays.—Since the scalar mediator s in our
model is leptophilic, the meson decays as B — Ks
and K — s are not possible and there are no
constraints in this regard.
Supernova cooling.—Stellar cooling processes such
as supernova cooling are types of probes which are
sensitive to scalar-muon coupling for scalar masses
below ~1 MeV [81]. In this work our interest is
mainly in scalar masses 21 MeV.

(VI) BBN.—BBN put constraints on the effective number
of relativistic degrees of freedom beyond the SM
particles with AN ¢ < 0.2-0.6 [82]. When our new
particles have mass ZO(1) MeV, the parameter
space is not sensitive to the BBN bounds [83].

Taking into account all the constraints mentioned in
this section and that from the observed relic density, we
show the viable region of the parameter space in Fig. 3.
The supernova cooling constraints exclude the allowed
region by the g, —2 anomaly for scalar masses smaller
than ~1 MeV, while the BABAR [in the process
ete” - utu (ptp~)] and Belle II upper limits do not
overlap with the allowed region. However, the limits from
BABAR (in the process ete™ — t77~®,) partially exclude
the allowed region in the scalar mass range ~1-4 GeV. Itis
also seen that in the remaining parameter space respecting
the g, — 2 allowed region, the observed relic density and
beam-dump experiments, DM mass varies in the range
~0.1-10 GeV and the scalar mass varies in the range
~0.07-20 GeV. The strongest lower limits on the scalar
mass belong to two electron beam-dump experiments

V)
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FIG. 4. Feynman diagrams for DM-electron and DM-quark
elastic scattering at tree level.

\% \%
\/

h,s'!
/I\

e~ e~

where scalar masses smaller than ~0.07 GeV are excluded
by the Orsay experiment.

V. DIRECT DETECTION BOUNDS

In our model spin-independent (SI) DM-nucleon inter-
action is present at tree level due to the scalar-Higgs mixing
effects. In addition, DM-electron elastic scattering of the
spin-independent type is feasible at tree level. In the
following we ignore the loop suppressed DM-matter
interactions. In Fig. 4 Feynman diagrams for the DM-
electron scattering at tree level and also DM-quark scatter-
ing at tree level are depicted. We obtain a reference
DM-electron direct detection cross section,

Hie
(m? + a®m?)*’

(7)

4
e 2.2
o~ — Gy

3

where the reduced mass of the DM electron is p,, and the
electron momentum transfer is typically set as g ~ am,.
The contribution of the diagram with the Higgs propagator
to the DM-electron cross section is numerically negligible
since the mixing angle, €, is very small. In the limit in
which mg > am,, the DM form factor Fpy ~ 1 [84]. To
date, in direct detection experiments no evidence of DM-
electron elastic scattering has been found. However,

1073 |
10_38 F -
N'E10—40 -
2, .
1
% 107% F {10
107 F “Q“W\\\ 2
XAV 10~
——
10_46 F b
10 48 xcluded by Orsay x 1 0—3
0.01 0.1 1 10
mpy [GeV]
FIG. 5.

recently the experimental results from Xenonl0O [84] and
DarkSide-50 [85] set upper bounds on DM-electron for
masses below ~1 GeV and XenonlT [30] provides strin-
gent bounds on the DM-electron cross section for DM
masses in the range ~0.03—10 GeV [30]. On the other
hand, the neutrino floor sets the lowest limits for the
scattering cross section of dark matter with visible matter.
We apply the latest result for the neutrino floor given in
[86]. In this section we pick out points in the parameter
space which respect all the relevant constraints discussed
previously, including those from beam-dump experiments,
the observed relic density. We also confine the parameter
space to the regions allowed by the muon (g, — 2) anomaly.
The regions in the parameter space that we scan over are
0<g, <1, 1GeV <uwv, <300GeV, 0<¢; <1, and
1073 GeV < m, < 10 GeV. For the DM mass we have
my = g, X v, and the relevant effective coupling here is
a, = TT:CE' The final result for the DM-electron elastic

scattering cross section in terms of the DM mass and the
scalar mass, my, is shown in the left panel of Fig. 5 and, in
terms of the DM mass and the coupling, «,, is presented in
the right panel of Fig. 5. The results indicate that XenonlT,
having the strongest limits among the DD experiments, is
sensitive only to the region with the scalar mass which is
already excluded by the electron beam-dump experiment,
Orsay. However, there are regions with m; 2 0.07 GeV and
with dark matter mass in the range 1 GeV < mpy S
10 GeV which evade the current XenonlT bounds and
stand well above the neutrino floor.

The XenonlT [30] and DarkSide-50 [85] collaborations
provide bounds on the DM-nucleon cross section for DM
masses below 10 GeV, as shown in Fig. 6. We apply the
package micrOMEGAs to compute the DM-proton SI cross
section in the parameter space in the same ranges that we
discussed in the DM-electron case. Concerning the mixing
angle, 0, we always pick values to respect the invisible

10738 |

10738 F .

C\IE 10—40

% 1074 k

1074 |

10—46 B

MAP/Planck \
0.1 1
mpy [GeV]

10748

0.01 10

We show regions in the parameter space which respect all the constraints discussed in the text and also points which are

excluded by the electron beam-dump experiment, Orsay. All the points respect the allowed region by the muon (g, — 2) anomaly. The
upper bounds from direct detection experiments on the DM-electron elastic cross section are shown. The scalar mass, m, (left panel),
and the coupling, «, (right panel), are shown in the vertical color spectrum. The neutrino floor is shaded in gray.
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10740 : m, [GeV]
" Y, T | g 10"
10741 F .,
a2 |
10 10°
43 [
E 10
T il B of _1
% 10 \)\(\“0\\0 10
1074
10746 | 1072
1074
108 L 107
0.01 0.1 1
Mpy [GeV]

FIG. 6. Regions in the parameter space which respect all the
constraints discussed in the text and points which are excluded by
the electron beam-dump experiment, Orsay. All the points respect
the allowed region by the muon (g, —2) anomaly. The upper
bounds from direct detection experiments on the DM-proton
elastic cross section are shown. The viable values for the scalar
mass, m,, are also shown. The neutrino floor is shaded in gray.

Higgs decay bounds. We show our results in Fig. 6 for
points which respect all the restrictions and also points
which are excluded by the Orsay beam-dump experiment.
We find that there are viable DM candidates with masses
~0.7-10 GeV and scalar mass m; ~ 0.1-10 GeV with a SI
cross section well above the neutrino floor and the available
DD bounds respected.

VI. CONCLUSION

In light of the newest results from the muon magnetic
moment anomaly (g, — 2) and DM-matter elastic scattering
upper bounds from Xenon-1T, we exemplified a vector DM
model with a scalar mediator which is coupled to the SM
charged leptons via dimension-6 operators. We introduced
a UV complete model to illustrate the types of dimension-6
operators used in our study. From a phenomenological
point of view, we confined the dark matter mass to the
range 1072 GeV < mpy < 10 GeV and the scalar masses
in the range 107> GeV < m, < 100 GeV.

In the first part of the analysis we imposed constraints
from the observed DM density, muon anomalous magnetic
moment, supernova cooling, e™e™ colliders, and electron
beam-dump experiments. The viable range for the scalar
mass is then obtained as 0.07 GeV < m, < 20 GeV and for
the DM mass as 0.1 GeV <mpy < 10 GeV. Next we
computed the DM-electron elastic scattering cross section.
We then applied the upper limits from the DD

experiments, Xenonl00, DarkSide, and XenonlIT and
found that the strongest bound from XenonlT excludes
scalar masses with m; <3 MeV for DM masses
0.1 GeV < mpy <10 GeV. Since we had already found
that the electron beam-dump experiment, Orsay, excluded
scalar masses with m, < 0.07 GeV, we can conclude that
the current DD experiments via DM-electron interaction
have an almost 2 order of magnitude weaker sensitivity
reach for the scalar mass than the electron beam-dump
experiments. Given that the neutrino floor is increasing in
the region with a DM mass smaller than 10 GeV, we are still
able to find DM candidates of O(1) GeV with direct
detection cross section about 2 orders of magnitude above
the neutrino floor.

Moreover, considering the DM-nucleon interaction for a
DM mass below 10 GeV, viable regions are found that have
not yet been explored by DD experiments, and further
improvements on the experimental bounds in this mass
range would be essential to further constrain or exclude the
dark matter models.

ACKNOWLEDGMENTS

The author would like to thank Dr. Parsa Ghorbani for
useful discussions.

APPENDIX: ANNIHILATION CROSS SECTIONS

Here we present the formulas for the DM annihilation
cross section times the relative velocity. The annihilation
cross section for the s-channel annihilation process
VV - ITI7, with [ = e, u, 7, is first obtained as

20002gt (1 —4m? ) 5)3/?
O'anni”rel(vv - l+l_) = éﬂz ( (S _ ,;12)2

(A1)

And then we find the DM annihilation cross section with a
pair of singlet scalars in the final state,

1 n 1 2
t— m%, u— m%/
64 1 8
2.6 4
-— + + =gy,
9 vSQV(t—m%, u—m%,) 99]
where s, ¢, and u are the relevant Mandelstam variables.

The relative velocity of the incoming DM particles is
denoted by v,q.

Oanni Urel (VV - SS)

=V /3 1_4’"%/5/@[%1)‘;
9
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