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Abstract: The XENONIT excess of keV electron recoil events may be induced by the scattering of electrons and

long-lived particles with an MeV mass and high speed. We consider a tangible model composed of two scalar MeV
dark matter (DM) particles, S 4 and S p, to interpret the XENONIT keV excess via boosted S p. A small mass split-
ting mg, —mg, >0 is introduced, and the boosted Sp can be produced using the dark annihilation process of

Sas j; - ¢—SBS ; via a resonant scalar ¢. S p—electron scattering is intermediated by a vector boson X. Although

the constraints from Big Bang nucleosynthesis, cosmic microwave background (CMB), and low-energy experiments

set the X—mediated S p—electron scattering cross section to be < 1073%cm?, the MeV scale DM with a resonance en-

hanced dark annihilation today can still provide sufficient boosted S p and induce the XENONIT keV excess. The

relic density of Sp is significantly reduced by the s-wave process S pS ; — XX, which is permitted by the con-

straints from CMB and 21-cm absorption. A very small relic fraction of S p is compatible with the stringent bounds

on un-boosted S p-electron scattering in DM direct detection, and the S 4 -electron scattering is also allowed.

Keywords: boosted dark matter, XENONIT excess, dark matter direct detection

DOI: 10.1088/1674-1137/ac6d51

I. INTRODUCTION

The existence of dark matter (DM) has been estab-
lished through extensive cosmological and astronomical
observations. However, the microscopic properties of
DM beyond the Standard Model (SM) are largely un-
known. Recently, the XENON collaboration reported an
excess of electronic recoil events with an energy of ap-
proximately 2—3 keV [1], and the event distribution has a
broad spectrum for the excess. They collected low-en-
ergy electron recoil data from the XENONI1T experiment
with an exposure of 0.65 tonne-years and analyzed vari-
ous backgrounds for the excess events. Although a small
trittum background fits the excess data well [1], bosonic
DM can also provide a plausible source for the peak-like
excess.

The excess of electron recoil events may be induced
by new long-lived particle scattering with electrons in a
detector. The lifetime of the new particle must be suffi-
ciently long to reach a detector on Earth after its produc-
tion and it has an appreciable interaction with electrons.

Received 19 October 2021; Accepted 6 May 2022; Published online 20 June 2022

The mass of the new long-lived particle should be > MeV
and the velocity should at the level of O(0.1)c [2]. Mean-
while, it should be compatible with the structure forma-
tion of the universe and the constraints from Big Bang
nucleosynthesis (BBN) as well as the cosmic microwave
background (CMB). Thus, an exotic mechanism is re-
quired to produce many long-lived particles with a high
speed. A plausible scenario for the electron excess events
is boosted DM produced in the present universe via dark
sector annihilation or decay [2—9]. Meanwhile, a fraction
of the un-boosted DM with a regular velocity distribution
(with a velocity of ~ 1073 ¢ in the galaxy) can also be
present today and is detectable via the scattering off elec-
tron. Thus, the direct detection experiments would set
stringent bounds on the un-boosted DM-electron scatter-
ing for the recoil energy of a few eV [10—14]. These
bounds must be evaded when interpreting the XENONIT
keV excess.

In the interpretation of the XENONIT excess via the
scattering between electron and boosted DM, the nature
of the intermediating particle and interaction becomes a
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key aspect. For a long-lived light mediator with
keV~MeV mass, BBN and CMB would place stringent
constraints [15, 16]. If the new mediator has a short life-
time, because of the constraint from BBN, its mass
should be > 10 MeV, and its lifetime is much shorter
than a second [17-20]. In addition, the constraints from
low-energy experiments, such as NA48/2 [21] and NA64
[22], should be considered. However, the new mediator
and interaction may leave some traces in anomalous pro-
cesses; for example, a new vector boson of about 17 MeV
[23, 24], predominantly decaying into e*e~, was sugges-
ted by two anomalous transitions of *Be [25] and He
[26]. Here, we consider a light vector boson X in general,
which primarily decays into e*e” and intermediates the
scattering between electron and the boosted DM. Consid-
ering the constraints from low-energy experiments [21,
22], when 14 MeV < my < 30 MeV, as shown in Fig. 5 of
Ref. [22], a part of the parameter ¢, (the X-electron coup-
ling is parameterized as ¢€e) in the range of
10* <€ <107 is still permitted by the experiments.
Note that the rapid fluctuations in the NA48/2 limit [21]
cause some uncertainty of the NA48/2 limit. Here we
take the NA48/2 limit in a smooth way as shown in Fig. 5
of Ref. [22] instead of the rapid fluctuations. For in-
stance, the range of 5x10™* < ¢, < 107 is permitted for
my ~ 20 MeV of our interest.

In this paper, we introduce two complex scalar DM
particles, S4 and Sp, to interpret the XENONIT excess
with a light vector mediator X. The DM particles S, and
S p are under possible dark symmetry in the hidden sec-
tor with mg, ~mg,, and some dark sector numbers are
carried by both S4 and Sp to maintain the stability of
DM. S is dark charged and S, is neutral with a small
mass splitting mg, —mg, >0, which can be introduced
from radiative corrections or substructures. The pair
S BSL can be produced via the dark annihilation process
of S ASZ - S BSZ mediated by a new scalar ¢. Thus, the
present dark annihilation can provide a source of boosted
S . The scattering between electron and boosted S5 me-
diated by the X boson may explain the keV electron ex-
cess observed by XENONIT. In addition to the boosted
S accounting for the XENONIT keV excess, there
would be a fraction of un-boosted S around the Earth.
The relic abundance of S can be significantly reduced
by the transition of S gS ; — XX. Thus, it will be compat-
ible with the stringent bound on un-boosted S z—electron
scattering in DM direct detections. This tangible ap-
proach is explored in this paper.

II. DM INTERACTIONS AND TRANSITIONS

In this paper, we consider a scalar DM model to inter-
pret the XENONIT excess. In this model, S, is dark
neutral, and S p is charged under possible dark symmetry
in the hidden sector. S 5 is intermediated by a new vector

boson X to interact with an electron. X is assumed to
couple to SM charged leptons, and the effective coup-
lings are expressed as

LxDeX, Z ely"e . (1)
t

X is considered to be a light vector boson in general; here,
we do not specify a scenario such as a kinetic mixing
portal or a new gauged U(1). The dark charged Sp
couples to the X boson via

Lx > —epX,Jh +ehX'X,S 1S g, 2)

where Ji,, is the charged current of scalar DM S 5 and is
given by

Jh oy =118 58 5) — (*S S B1 .

Here, we assume that the X particle has a mass > 14 MeV
[22] and predominantly decays into e*e™.

We also assume a real dark field ¢ coupled to both S 4
and S, and it mediates the transition between S, and
Sp. In addition to the kinetic energy terms, the scalar
Lagrangian is given by

1
—Lscalar Dzmé¢2 + /l4¢4 +#SASASL¢ + /ISASAS/T4¢2

+1ts,S BS b+ As,S BS h* 3)

The parameters pg = ug, =us, and Ag = Ag, = Ag, are
adopted. Here, we assume my > mg, ~mg, >myx for sim-
plicity, and a small mass splitting A between S4 and Sp
is introduced, i.e., A =mg, —mg, > 0. To avoid the over-
abundance of ¢ in the early universe, we adopt my > 2my;
thus, the decay mode ¢ — XX is generated at loop level
from the ¢S 5S ; coupling and the charged current of S p.
For mg, > my, the relic fraction of Sp canbe signific-
antly depleted when the on-shell annihilation mode
S BSE — XX is opened. In addition, possible ¢—SM Higgs
mixing is neglected here for simplicity (for the mixing
case, the mixing with a rough upper limit of sin?6 < 1073
can be permitted by experiments [27]). Please note that
there may be more particles in the new sector, and here
we only consider the particles with key roles in trans-
itions between the SM and dark sector.

To induce the keV electron scattering events via
boosted Sp, the dark annihilation process of § ASI1 -
¢p—>S BS; is considered to be dominant in S 4S Z annihil-
ation. The annihilation cross section is given by
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327rmSA (s m¢) +m¢F¢
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ooV, =

where v, is the relative velocity, and s is the squared total
invariant mass. In the non-relativistic limit, the phase
space factor By is

4mS
— 5
4 mSA ( )
The decay width of ¢ is
2 4mk (my  mg
I, =X 1——2"(—ﬂ——;”+3). 6)
8mmy my \4my  my

The annihilation of dark charged DM S 5 is primarily
governed by S BSJ'9 — XX via the Sg—X coupling in Eq.
(2). The annihilation cross section is

4 —4m2 4 2 2 4
€p \/1 dmy /s 8mss —8mSBmX+3mX

(2m§ﬂ - mi)2

(7

g1V, =
167rm§
B

The p-wave process S BSJ'9 — X — e*e” is suppressed
by €? and is negligible compared with the above annihila-
tion process (see Ref. [19] for this p-wave dominant
case).

III. BOOSTED DM FOR THE XENONIT EXCESS

Assuming that the main component of DM is S,,
which has a Navarro-Frenk-White (NFW) profile, the
boosted DM particles S p can be produced by the present
dark annihilation process of S 45 Z -8 BS;. To obtain the
benchmark velocity v, ~ 0.06 in Ref. [3] for boosted S 3,
the value of A/mg, is required to be ~0.0018 as

1
Emgl\vi. The flux of the boosted DM Sp
over the full sky can be expressed as [28]

~ 2~
A= —mg, v, ~

{Tovio
5x10"26cm3s=1’

®)

1 Gev)2

o =1.6x 10 em™%s™!
BDM cm s ms.

where (ogv,) is today's thermally averaged annihilation
cross section of § ASZ and is suppressed by the phase
space factor 8. Together with the flux of boosted DM
S p hitting the earth detectors, the number of signal events
Nig via boosted DM § g-electron scattering is

Niig o Oelec X (DBDM > )

where o, is the boosted S p-electron scattering cross
section mediated by the X boson:

222
daer€; Mg,

Oelec = 4 b (1 O)
my

with u,g, being the reduced mass of m, and msg, .

The signal events N, observed by XENONIT is
about 40-70 events. In this case, the required scattering
cross section oejec 18 [3]

1 -2 —1 N
e = 2.1 107 em? (OL)( g) (1)

4
(DBT)M 70

To obtain a large cross section in Eq. (10), the mass
my (parameter ¢,) should be as small (large) as possible.
Substituting the mediator's mass my =17 MeV, ep=1,
and €, < 1073 into Eq. (10), we observe that the scatter-
ing cross section oejec < 107° cm? for mg, > m,, and this
value is smaller than the scattering cross section required
by Eq. (11) even when DM mass as light as > 20 MeV.
Thus, there is insufficient boosted S g flux to produce the
XENONIT excess for ordinary annihilations of Sj4.
However, if today's dark annihilation of S, is enhanced,
the result is different. We consider the annihilation of S 4
is close to the ¢ resonance with the mass 2mg, slightly
above my. Thus, today's dark annihilation (ov,) will be
significantly enhanced and can produce a large flux of
boosted SBSZ. Moreover, for DM mass < 10 MeV, the
scattering cross section required by Eq. (11) can be signi-
ficantly lowered, while such light DM particles will be in
tension with constraints from BBN and CMB.

Now, we introduce a parameter & = my/2mg, in which
¢ is slightly smaller than 1. The cross section {ogv,)o is
sensitive to the value of 1-¢. The decay width is negli-
gible in DM annihilations when 1—¢ > T's/4my is satis-
fied. In the early universe, DM chemically decouples
from the thermal bath when the reaction rate I'(n{(ov,)) of
DM particles decreases below the Hubble expansion rate
H. For {(ov,)> (ogv,) considered here, the DM Sjp
freeze-out occurs slightly later compared with the DM
S4. As the mass difference between S, and S is very
small, the number density is ng, = ng' during the freeze-
out period of S,. Considering contr1but10ns from the
SgS ; -8 AS; transition, the effective annihilation cross
section of DM S, is equivalent to 2Xogv, during the
freeze-out period (see Appendix A for details). The relic
density of DM is determined by the annihilation cross
section, and it can be evaluated using the general method
without s-wave approximation [29— 31]. The coupling
parameter us as a function of 1—¢ is derived with the rel-
ic density of S48 Z nearly equal to the total DM relic
density Qph? =0.120+£0.001 [32], as shown in Fig. 1.
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Today's S ASj4 annihilation (oyv,)y as a function of 1-¢
is shown in Fig. 2, with the value of 1-¢ varying in a
range of 1073 - 107!, Note that the relative velocity v, in
the galaxy is ~ 1073, and (ov,)o is insensitive to v, in
s—mé or the phase space factor 8 in ogv, in Eq. (4) for
the range of 1—¢ of concern. In Fig. 2, the solid curve is
the corresponding (oyv,)o for a given 1-¢, and we ob-
serve that the annihilation is enhanced when ¢ is very
close to 1. The dot-dashed and dashed curves are the an-
nihilation cross sections required by the XENONIT ex-
cess for two benchmark values of [my = 17 MeV,
€ =1x1073] and [mxy = 19 MeV, € =0.85x 107*] adop-
ted here, respectively. We can observe that the resonance
enhanced dark annihilation of today can produce large
boosted S 5 flux to account for the XENONIT excess.
Next, we briefly discuss the annihilation of Sg. Sp
contributes only to a very small fraction fs, of the total
DM relic density, and the relic fraction fs, (both S5 and

1073

ms, =20 MeV

107 e ‘
0.01 0.05 0.10 0.50 1

(1-6)x10
Fig. 1. (color online) Coupling parameter x$ as a function of
1-¢ for ms, = 20 MeV. Here, the relic density of § ASZ equal
to 0.120 is adopted.

1 0—23
w104
«’E >_X\< _________
~ 10—25 |
S -26
= 10 ms, =20 MeV
1 0—27 . . .
0.01 0.05 0.10 0.50 1
(1-6)x10
Fig. 2. (color online) Relation between (v, ) (solid curve)

and 1-¢ for ms, = 20 MeV. The dot-dashed and dashed
curves are for my = 17 and 19 MeV, respectively. The lower
(upper) limit of the dot-dashed and dashed curves corres-
ponds to the annihilation cross sections required by the XEN-
ONIT excess for ep =1(0.5).

S ; included) can be obtained using the relation
fs, ~4.4x107% cm?®s7!/ (oyv,) [33, 34]. The annihila-
tion of § BSL is suppressed by the factor fszk in observa-
tions, and revised annihilation cross section fszg(a'lv,)/z
is shown in Fig. 3 for ep = 1 and 0.5. For two benchmark
values of my = 17 and 19 MeV, the dark matter masses
mg, (mg,) in a range of mgs, (mg,) > myx are permitted by
the constraint from CMB [35] and the typical upper limit
set by the anomalous 21-cm absorption [36], as depicted
in Fig. 3. Given mg, = 20 MeV and ep = 1, fs, is of or-
der ~ 10719 for my ~ 17-19 MeV.

IV. DIRECT DETECTION OF UN-BOOSTED DM

In addition to the boosted Sp accounting for the
XENONIT keV excess, a large amount of S, and Sp
with a regular velocity distribution are present around the
earth. Now, we discuss the un-boosted DM-electron scat-
tering. First, we consider the un-boosted S 4. S 4-electron
scattering occurs at two-loop level from the ¢ — XX trans-
ition and X-electron coupling. The scattering cross sec-
tion is significantly below the neutrino floor [37, 38] in
DM direct detections.

For the un-boosted S, the S g-electron scattering is
primarily contributed by the tree level process mediated
by the X boson. The corresponding scattering cross sec-
tion is

2 .22

daer e u
Fes, > — ot (12)
my

1 —27
@ 0 CMB
“ 29|
5 10 2tem
Q 10—31,
/\L
= 033
S 10
V — e e e e e e e e e e
f\@ 1073+ R —

10—37 . . . .

15 20 25 30 35 40
ms, (MeV)

Fig. 3. (color online) Revised annihilation cross section

fSZB(o-lv,.)/Z as a function of mg,. The dot-dashed and dashed
curves are the revised annihilation cross sections for my = 17
and 19 MeV, respectively. The lower (upper) limit of the dot-
dashed and dashed curves corresponds to the annihilation
cross sections for ep =1 (0.5). The solid curve is the constraint
from CMB [35], and the empty dotted curve is the typical up-
per limit set by the anomalous 21-cm absorption with T, < 4
Katz=17.2[36].
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with the form factor Fpym(g) =1 [39]. For mx = 17 MeV,
ep=1, and € =1073, the scattering cross section is
~10"3cm?, which is above the bound set by
XENON10/100 [10, 11]. This is why the ordinary inter-
pretation of the XENONIT keV excess via DM-electron
scattering appears to be in tension with DM direct detec-
tions, although DM mass is as low as O(10) MeV. In this
paper, the DM particles SzS ; constitutes only a very
small fraction fs, of the total DM; thus, the tension can
be relaxed owing to the effective scattering cross section
being fs,0.s, in DM direct detections. The result of the
effective scattering cross section fs,d.s, 1S shown in
Fig. 4. We can observe that the benchmarks we consider
above can evade the constraints from CMB, 21 c¢cm ab-
sorption, and DM direct detections.

Moreover, for mg, < my, sufficiently boosted S5 can
also be produced, and it induces the XENONIT keV ex-
cess. The mass mg, should be < 13 MeV given the con-
straints from DM direct detections, as shown by the dot-
ted curve in Fig. 4. Meanwhile, for S, and S p, the mass
mg, (ms,) should be > 13 MeV with the bound from
BBN [17]. Thus, a very small parameter space remains
for the case of mg, <my when interpreting the
XENONIT keV excess, and this case is beyond the scope
of this paper.

10736 L
10738 ]
g XENONTT
Q
~ 10740}
a
l% 1072 Foy=1
10744t “ioimimimamsmsmszememsorzizimemod
10740 == w e — — neutrino background

15 20 25 30 35 40
ms, MeV)

Fig. 4.
fsp0es, as a function of mg, for un-boosted § BSZ, in DM dir-

(color online) Effective scattering cross section

ect detections. The dot-dashed and dashed curves are the ef-
fective scattering cross section for the benchmark values as
labeled in Figs. 2 and 3. The lower (upper) limit of the dot-
dashed and dashed curves correspond to the cross sections for
ep =1(0.5). The upper two solid curves are the upper limits
from XENONI10 [11] and XENONIT [13]. For comparison,
the dotted curve on the top left is for mg, <my =167 MeV
[19]. The lower solid curve is the neutrino background [37].

V. CONCLUSION

The boosted DM with a high speed of about 0.05-0.1
c and with a large DM-electron scattering cross section
(as large as 1072° cm’ [3]) can interpret the XENONIT

electron-event anomaly, as discussed in Refs. [2, 3].
However, can the boosted DM with such a large DM-
electron scattering cross section be compatible with the
present stringent bounds, such as the BBN, low energy
experiments, and DM direct detections? This key ques-
tion should be answered when proposing a model to ex-
plain the XENONIT anomaly. In this paper, we attempt
to answer this question. The proposed GeV DM has a
large scattering cross section (1072° sz) between DM
and an electron [3]. The required mediator mass is as
light as 0.1 MeV. Such a light mediator is excluded by
the BBN, which sets a lower mass bound on new thermal
equilibrium particles, that is, the mass of a new particle
should be above 10 MeV. Considering the constraints
from BBN and low energy experiments, we observe that
the scattering cross section between DM and an electron
is smaller in reality, approximately smaller than 10~%
cm’. We observe that light DM in the MeV scale with an
enhanced annihilation source and a scattering cross sec-
tion of 10735 cm’ can produce sufficient keV electron ex-
cess events observed by XENONIT and be permitted by
present DM direct detections.

We have investigated an interpretation of the XEN-
ONIT excess using two scalar DM particles, S5 and S 5.
S 4 is neutral and S p is dark charged in the hidden sector.
The boosted Sp can be produced by the annihilation
S ASZ —¢—SpS E mediated by a scalar ¢. S p-electron
scattering is intermediated by a vector boson X. We fo-
cus on the range mgy > mg, =~ mg, > my. Although the con-
straints from BBN, CMB, and low-energy experiments
require the boosted S p-electron scattering cross section
mediated by X to be <107% cm?, MeV-scale DM with a
resonance enhanced dark annihilation today can still pro-
duce sufficient boosted DM and induce the XENONIT
keV electron excess. The relic density of S 5 can be signi-
ficantly reduced by the s-wave process of SzS L - XX;
thus, this s-wave annihilation is permitted by the con-
straints from CMB and 21-cm absorption. A very small
relic fraction of Sp is compatible with the stringent
bound on un-boosted S z-electron scattering in DM direct
detections. The S 4-electron scattering occurs at loop
level, and the scattering cross section is below the neut-
rino floor in direct detections. We look forward to the fur-
ther investigation of MeV DM and the corresponding
new interactions in the future.

APPENDIX A: THE FREEZE-OUT OF S 4

For {o1v,) > {(oyv,), the freeze-out of DM §4 occurs
first, and the DM S decouples from the thermal bath
later. For the DM particle S 4, the evolution of the num-
ber density ng, is given by
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dnSA

2 €q4\2
+3ng, H=- <0'0Vr>sAs;Hsﬂs;(”SA - (”Sci) )
€q\2

2 S 2
+ <0'0Vr>sﬂs;_>s‘4s; [nsﬂ - —e; 2”5‘4], (A1)
)

where rg! and ng’ are the equilibrium number densities,
and H is the Hubble parameter. The DM particle Sp is
still in the thermal equilibrium with the thermal bath dur-
ing the freeze-out period of S 4, and in this case, we ob-

€q q

tain the number density ng, =ng zn; with ignorable
mass difference between S, and S . Thus, Eq. (Al) can

be rewritten as

dnsA
dr

+3ns, H = =2a0v,)s,5105,5,(15, = (15)). (A2)

For DM S 4, the effective annihilation cross section is
equivalent to 2 X v, during the freeze-out period for the
SBS ; — 854S I‘ transition considered.
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