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Abstract In light of the excess in the low-energy electron
recoil events reported by XENON1T, many new physics sce-
narios have been proposed as a possible origin of the excess.
One possible explanation is that the excess is a result of a fast
moving dark matter (DM), with velocity v ~ 0.05-0.20 and
mass between 1 MeV and 10 GeV, scattering off an electron.
Assuming the fast moving DM-electron interaction is medi-
ated by a vector particle, we derive collider constraints on the
said DM-electron interaction. The bounds on DM-electron
coupling is then used to constrain possible production mech-
anisms of the fast moving DM. We find that the preferred
mass of the vector mediator is relatively light (< 1 GeV) and
the coupling of the vector to the electron is much smaller
than the coupling to the fast moving DM.

1 Introduction

Recently the XENON Collaboration has reported excess of
electron recoil events in the data collected during the Science
Run 1 of the XENONIT detectors [1]. At the moment, we do
not know the precise origin of the excess. The excess could be
a hint of new physics or it could turn out to be an unaccounted
background in the detector. Nevertheless, it is interesting to
interpret the result in terms of new physics.

The XENON Collaboration gives three new physics inter-
pretations of the electron recoil excess: (1) the absorption of
the solar axion [2—4], (2) the scattering of neutrino with a
large magnetic dipole moment [5,6] and (3) the absorption
of a light bosonic dark matter [7,8]. Of the three new physics
scenarios, only the solar axion and the neutrino scattering
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explanation of the excess result in a statistical significance
greater than 3 sigma. Interestingly, taken at face value the
preferred parameter space for both explanations seem to be
ruled out by stellar cooling constraints [1]. Moreover, it has
been pointed out that the solar axion interpretation is also
ruled out by astrophysical observations [9]. In fact, Ref. [10]
shows that even a broader interpretation of the excess in terms
of an absorption of an axion (or any relativistic boson) from
the galactic center is incompatible with existing constraints.
On the other hand, constraints on the neutrino scattering inter-
pretation can be relaxed if one introduces a new particle medi-
ating the interaction with the electron [11]. For the bosonic
dark matter absorption interpretation, even though the statis-
tical significance of the excess is low, it should not be dis-
counted. See Refs. [12—14] for interesting models employing
this scenario.

In addition to the above interpretations, the XENONIT
excess can also be explained by a flux of fast moving dark
matter [15-19] with velocity v ~ 0.05-0.20 and mass
mpy 1 MeV-10 GeV. In order to explain the XENONIT
excess in this scenario, the product of dark matter density
(npur) times the dark matter electron scattering cross-section
at a momentum exchange equal to an inverse Bohr’s radius
(o.) has to be of order 10~*-10"* cm~! [15].

In this work we derive constraints on such a class of dark
matter models where a fast moving component would have
to satisfy in order to successfully explain the XENONIT
excess. In order for our constraints to be as model indepen-
dent as possible we will work in a context of a simplified
model. This allows us to utilize collider observables as well
as astrophysical measurements to constrain parameter space
of the model. These constraints help us better identify a pos-
sible source of the fast moving dark matter component.

It should be noted that scenarios for explaining the
XENONIT excess mentioned above are by no means exhaus-
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tive, see Refs. [20-24] for other possible interpretations of
the electron recoil excess.

The paper is structured as follows. In Sect. 2 we set up our
simplified model for the XENONIT electron recoil excess.
In Sect. 3 we discuss relevant constraints from both col-
lider experiments and astrophysical observations. We derive
constraints on our simplified model for a specific set of
benchmark scenarios in Sect. 4. Finally, we conclude in
Sect. 5.

2 Models for XENONIT excess

We consider a scenario where the fast-moving DM ¢ couples
to electron via a vector boson mediator Z’. For simplicity,
we will assume i is a fermion. The ¢ could be the only
particle in the dark sector. In this case, the flux of fast moving
DM arises from a semi-annihilation process ¥ 4+ ¥ — ¥ +
X [25-27], where X can be any particle that is neutral under
a symmetry that stabilizes . Assuming that most of the
Y particles are cold DM, the velocity of i after the semi-
annihilation process will be boosted by

5m21// — mi

Yy = ey

4m2¢/
In order for v to achieve velocity v ~ 0.05-0.20 (to explain
the XENONIT excess), one needs mx /my ~ 0.956-0.997.

It is also possible that i is part of a more complicated
dark sector. For simplicity, we assume a two-component
DM scenario, i.e., x and . Here, we take x to be cold
DM. The nature of the DM x is not important for the
present analysis; it can be a scalar or a fermion. The flux
of a fast-moving ¥ could arise from an annihilation process
XX — YV or the decay x — . In the annihilation
case, one needs a nearly degenerate m, and my to achieve
the fast velocity vy ~ 0.05-0.20. On the other hand, in the
decay case, one needs m, > 2my to achieve the desired
velocity.

In this work, we will not be concerned about the specifics
of the model. Instead, we will only focus on the interactions
between v and electron mediated by a Z’. The interaction
terms relevant for our analysis are

Lz D —gy¥y"VZ, —gceyteZ,. 2

We will parametrize the ¥ flux in terms of the annihilation
cross-section (ov) in the case of i being produced from
DM (semi-)annihilation. If i is produced by a decay of yx,
the flux can be parametrized in terms of the partial decay-
width I'. We also allow for the possibility that the flux of ¥ is
originated from the annihilation/decay of DM captured in the
Sun. Assuming the DM capture rate and the depletion rate are

@ Springer

in equilibrium, the flux of i can be related to the DM-proton
cross section oy, [28]. By parametrizing the flux in terms of
(ov)/T'/oy,, our results obtained by the analysis below will
be applicable to any ¥ production channels.

In order to explain the XENONIT excess, we need
nyOe ~ 107%4-10"* cm™! [15]. In terms of our model
parameters, we have ny is proportional to (o v), I" or oy,
while o, is given by [29]

a9’ 2283 m?
e= T 2R 4 G)
T [(mz/me)” + o] T omy,

where agp = 1/(am,) is the Bohr radius, « is the QED fine
structure constant, m, is the mass of the electron. The last
approximation is valid as long as mz//m, > «. The cou-
plings g, and gy can be probed at collider experiments, dis-
cussed in Sect. 3.1. Here, we quickly note that collider con-
straints lead to an upper bound on o,. This allows us to derive
the lower bounds on (o v)/TI'/oy,, depending on the source
of the v flux.

3 Constraints
3.1 Constraints from collider physics

The coupling between Z’ and the electron leads to a pro-
duction of Z’ at fixed-target experiments as well as collider
experiments. Once produced, the Z’ can decay visibly into
ete™ orinvisibly into /. These decay channels lead to rich
phenomenologies. For a fixed-target experiment, the E141
experiment has searched foreN — eNZ'; Z' — ete™ over
the 1 MeV < mz < 15 MeV mass range [30]. The same
process has also been searched for by the NA64 experiment,
which covered a slightly wider Z’ mass range, i.e., 1 MeV
< my S 24 MeV [31]. The two searches yielded com-
plementary exclusion bounds. In addition to the search for
Z' — eTe™,NA64 also searched for Z’ decay invisibly over
the same mass range [32].

Heavier Z’ mass can be probed directly at the e*e™ col-
liders through ete™ — yZ'; Z' — ete™ /Y processes.
Both processes have been searched for by the Babar Col-
laboration for 20 MeV < mz < 10 GeV [33] and 1 MeV
< my < 8 GeV [34], respectively. For mz 2 8 GeV, it
can be probed by the LEP and the LHC where there exist
several searches relevant for our model. If Z" decays domi-
nantly into eTe™, we find that the most constraining bounds
formz < 70 GeV come from the partial decay width of Z to
4 leptons measurement [35]. For mz = 70 GeV, we find that
the LEP searches for neutralino R-parity-violating (RPV)
decays [36,37] place the strongest bound on our model. In
deriving the LEP RPV bounds, we follow the procedure out-
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lined in Ref. [38]. Finally, if Z’ decays dominantly into invis-
ible, we find that the LEP monophoton searches [39] provide
the strongest bounds. Here, we follow the procedure outlined
in Ref. [40] to obtain the LEP monophoton bounds.

In addition to collider bounds, the coupling of Z’ to elec-
tron is also constrained by the anomalous magnetic dipole
moment of the electron measurement. In our model, such
dipole moment constraint is relevant for the mass range 10
MeV < myz <40 MeV.

In order to avoid having all these different constraints
being cluttered in our final results, we will group the bounds
together as follows. We collectively refer to the E141, the
NA64 and the Babar searches for yeTe™ signature in the
final state, together with constraints from electron anoma-
lous magnetic dipole moment, as the low-energy bound. Sim-
ilarly, the constraints from NA64 and Babar searches for
y +invisible final states will be referred to as the low-energy
monophoton search.

With all the constraints mentioned above, we can derive
an upper bound on o, see Eq. (3), for any set of my, mz,
ge and gy,. We then use this upper bound on o, to deduce the
minimum flux of v required to produce XENONIT elec-
tron recoil excess. Finally, we interpret the minimum flux in
terms of the lower bound on (o v)/I"/oy,, depending on the
mechanism responsible for generating the ¥ flux.

3.2 Model independent constraints

Astrophysical observations can be used to derive model inde-
pendent bounds on (o v) and I". For I', the partial decay width
to Y is robustly constrained by the age of the universe.
Thus we must have I~ > 4 x 10'7 s. Similarly, the anni-
hilation cross-section (o v) for x ¥ — ¥ is constrained by
the Kaplinghat, Knox and Turner (KKT) bound [41,42]

19 CIIl3 ny

(ov) S3x 107 .
s GeV

“

For the DM-proton cross-section o ,, DM direct detec-
tion experiments provide a robust bound for m, = 100
MeV [43,44]. Since in general the bound on spin-dependent
cross section is weaker than the spin-independent one, we
will use the more conservative spin-dependent cross-section
bound as our model independent constraint. For lighter n1,,,
the o,, is constrained by cosmic microwave background
(CMB) data [45,46]. To be conservative, we assume the
canonical spin-independent and velocity-independent oy,
for the CMB anisotropy measurements, which constrain
oyp € [10726,107%] cm? for 1 MeV < my < 100
MeV [47].

4 Results

The analysis in Ref. [15] suggested that 1 MeV < my, < 10
GeV with 0.05 < v < 0.20 can give a good fit to the
XENONIT excess. However, the analysis of Ref. [16] seems
to favor only my = 10 GeV with v = 0.06. Thus in our
numerical analysis, we will take as our benchmark cases
my = 1 MeV and 10 GeV. To further reduce the model
parameters, we consider two different cases for the coupling
gy and g.. In the first case, we fix gy = 1 and treat g, as a
free parameter, while in the second case we take gy = g..

For each of our benchmark scenario (my, gy ) = {(1 MeV,
1), (1 MeV, g.), (10 GeV, 1), (10 GeV, g.)}, we derive
the collider bounds on the couplings as a function of m .
We then interpret these bounds in terms of lower bounds
on the annihilation cross-section ({ov)), the partial decay
width (I') and the nucleon cross-section (o, ) required to
fit the XENONIT electron recoil excess. We also compare
our collider bounds against other relevant model independent
bounds discussed in Sect. 3.2.

We first consider a light DM scenario my, = 1 MeV.
The collider bounds on the coupling g, are shown in Fig. 1.
We find that, for the case gy = 1, the coupling g, is con-
strained so that g, < gy especially for mz < 10 GeV. !
Note that in this case, the monophoton bounds are especially
strong because Z’ decays dominantly into invisible. In the
case gy = ge, we find that both couplings have to be small
with gy = g < 1. However, in this case the low-energy
monophoton bounds and the low-energy bounds are compa-
rable because the decay rate Z’' — ete™ and Z' —invisible
are approximately the same.

For the case of my = 10 GeV, the collider constraints
on the coupling g, are shown in Fig. 2. Similar to the case
where my, = 1 MeV, the coupling g, in this case is also
constrained such that g, < 1. The main difference from the
my = 1 MeV case is that for mz < 10 GeV there are no
low-energy monophoton bounds. As a result the low-energy
bounds become more constraining.

We turn next to analyze the bound on the ¥ production
mechanisms. In the case that ¥ is produced from DM anni-
hilation, the bounds on (o v) are shown in Fig. 3. Of all our
benchmark cases, only the gy = 1 scenarios are compatible
with both the collider constraints and the model independent
constraints. Note that the mass of the Z’ is tightly constrained
for bothmy, = 1 MeV and 10 GeV benchmark case. We find
that mz < 300 MeV for my, = 1 MeV and case mz < 30
MeV for my = 10 GeV.

It should be noted that the DM annihilation x x — ¥
could also induce yx — 4e’s through a loop induced
XX — Z'Z' with Z' — eTe™. This process is subjected

! The hierarchy between gy and g, can be easily accommodated in a
model where g, is induced by kinetic mixing of the Z" and the photon.

@ Springer
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Fig. 1 Collider bounds on the
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Fig. 2 Collider bounds on the my =10 GeV, gy=1 my =10 GeV, gy=0e
coupling g, as a function of m 0 w w w 0 w w w

with my, = 10 GeV. The
constraints from low-energy
bound, low-energy monophoton
search, Z — 4¢, LEP RPV and
LEP monophoton searches are
shown in blue, red, green,
magenta and orange respectively
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Fig. 3 The lower bound on the annihilation cross-section as a function
of mz with gy = 1. The constraints from low-energy bound, low-
energy monophoton search, Z — 4¢, LEP RPV and LEP monophoton
searches are shown in blue, red, green, magenta and orange respec-

to constraints from CMB anisotropy [48]. For mz heavier
than m,, the two Z's are produced off-shell. In this case
X X — 4e’sis suppressed by the 4-body phase-space and the
smallness of g, rendering the CMB bounds irrelevant. For
light m z/, the relevance of CMB constraints depends on the
assumed mediation mechanism for x ¥ — . If the pro-
cess is mediated by a vector mediator, the 4e’s cross-section is
negligible. On the other hand, a scalar mediated x ¥ — ¥/
is velocity-suppressed. As a result, the 4¢’s cross-section can
be O(10) larger than that of ¥1. In this case, by follow-
ing the procedure of Ref. [49] and utilizing the etTe™ fluxes
provided in Refs. [50,51], we estimate the CMB bounds on
xx — Yy tobe (ov) <1072 ecmi/s.

@ Springer

Log[mz(GeV)]

tively. The grey hashed region is excluded by the KKT bound. The hor-
izontal line in the left figure represents the thermal relic cross-section,
(ov) ~ 3 x 10726 cm3/s

Next we consider the i production via the decay of .
Similar to the annihilation production case, only the gy =1
scenarios are compatible with all the constraints, see Fig. 4.
However, in this case the constraints on the Z’ mass is slightly
relaxed. For my = 1 MeV, the mass of Z " is constrained to
be myz < 1 GeV. For a heavier DM mass, my = 10 GeV,
we find that mz < 100 MeV.

Last, but not least, we consider the v production in the
Sun. In this scenario, the benchmark cases my, = 10 GeV are
severely constrained by the DM direct detection experiments
such that the region of parameter space accommodating the
XENONIT excess has been excluded. On the other hand, the
benchmark cases my, = 1 MeV fall below the threshold for
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Fig. 4 The upper bound on the
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Fig. 5 The lower bound on the

my =1MeV, gy=1
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direct detection experiment. As a result, they are only sub-
jected to milder constraints from CMB anisotropy measure-
ments, see Fig. 5. One can see that this production scenario
is the least constrained one. In the case gy, = 1, the Z’ mass
is loosely constrained, m z» < 200 GeV. In the case gy = g
the Z’ mass is constrained to lie in the range mz < 500
MeV or 10 GeV < myz < 50 GeV.

5 Conclusions and discussions

In this work, we study collider constraints on the class
of models that explains the XENONIT excess by having
a fast moving DM scattered off an electron. The bounds
obtained from our analysis should be applicable to any mod-
els in which the fast DM interacts with the electron via
a vector exchange. We derive the collider bounds on the
vector-electron coupling in Figs. 1 and 2. We also interpret
our bounds in terms of the production mechanisms of the
fast moving DM: annihilation of heavier DM inside galaxy,
decay of heavier DM decay inside the galaxy, and annihila-
tion/decay of heavier DM captured in the Sun.

In all the benchmark scenarios considered here, we find
that a light fast moving DM is less constraining than a heavy
fast moving DM in explaining the excess in the XENONIT
electron recoil events, see e.g., Figs. 3 and 4. We also find that
the mass of the vector mediator must be lighter than 1 GeV
except for the case where the fast moving DM is produced
from DM captured in the Sun, see Fig. 5.

One might argue that our analysis is too simplistic because

we only consider two decay channels for the Z’: Z' — ete™

and Z' — 1. The latter is invisible. We quickly comment
on the effect of considering additional Z’ decay channels.
If the additional decay mode is invisible, it will result in a
stronger collider bounds, thanks to the monophoton analysis.
If the additional decay channel is visible, it will dilute the
bounds considered in our analysis. However, it will also lead
to richer collider signatures [52] that, in principle, can be
included into our analysis. Thus we do not expect our collider
bounds to change significantly.
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