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We derive new constraints on combination of dark matter-electron cross section (o) and dark matter-
neutrino cross section (o, ) utilizing the gain in kinetic energy of the dark matter (DM) particles due to
scattering with the cosmic ray electrons and the diffuse supernova neutrino background (DSNB). Since the
flux of the DSNB neutrinos is comparable to the cosmic ray (CR) electron flux in the energy range
~1 MeV-50 MeV, scattering with the DSNB neutrinos can also boost low-mass DM significantly in
addition to the boost due to interaction with the CR electrons. We use the XENONIT as well as the Super-

Kamiokande data to derive bounds on 6, and o,,.

‘While our bounds for o

ve are comparable with those in

the literature, we show that the Super-Kamiokande experiment provides the strongest constraint on ¢,, for

DM masses below a few MeV.

DOI: 10.1103/PhysRevD.105.103029

I. INTRODUCTION

The presence of dark matter (DM) in the universe and
its dominance over luminous matter is well established.
DM is known to be nonrelativistic and very weakly
interacting with the Standard Model (SM) particles. The
existence of DM has been inferred only via their gravita-
tional interactions, and both the DM mass and their exact
interaction strengths with the SM particles are unknown
(see Refs. [1-4] for reviews).

The DM-proton and DM-electron interaction strengths
have been constrained severely by various direct detection
(DD) experiments [5-9]. Their basic working principle is
to measure the recoil energy of electron/nucleus once the
incoming DM particles scatter of them. But one major
limitation of this method is that these DD experiments lose
sensitivity rapidly for low mass DM (below DM mass of
~5 GeV for DM-proton cross section [10], and below DM
mass of ~5 MeV for DM-electron cross section [11]) since
very light DM particles cannot produce enough recoil to be
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detected. The most stringent constraints on DM-electron
scattering cross section comes from the SENSEI experi-
ment: o, < 107%* cm? for m, > 5 MeV [12].

In the past few decades many other novel detection
strategies have been developed: employing the energy
deposition in white dwarfs or neutron stars [13-22], from
big bang nucleosynthesis [23-25], DM production in
astrophysical objects [26], cooling of stars and supernovae
[27-31], colliders searches etc. [32,33]. Cosmological
observations have also been used to constrain interactions
of low mass DM [34,35]. For example, CMB spectral
distortion excludes DM-electron scattering cross section
above 6, ~ 1072 cm? for m, < 0.1 MeV [34] if the cross
section is momentum independent.

The DM-neutrino cross section (s,,), which is the focus
of our study, cannot be independently constrained by the
DD experiments since matter is not made of neutrinos.
However, as we will discuss later, the DD experiments can
be used to constrain a function of ¢, and o,, (for more
details refer to Sec. IV). Independent bound on 5, does
however exist from Planck and large scale structure experi-
ments: o, < 107%(m,/GeV) cm? if the cross section is
momentum independent [36]. Such constraints are espe-
cially important for those models where DM interact with
leptons and dominant interaction is with neutrinos [37,38].

In order to recover the sensitivity of the DD experiments
for low mass DM, the idea of boosted dark matter (BDM)
has been explored in recent years. In this scenario, the DM

Published by the American Physical Society
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FIG. 1. Schematic diagram for production of boosted dark
matter (BDM) due to scattering with CR electrons (CRe) and
DSNB neutrinos, and their subsequent detection at the detectors.

is boosted to higher velocity due to scattering with various
cosmic ray (CR) components (see Fig. 1 for a schematic
diagram) This idea has been explored using CR protons
[39—41], helium nuclei [39], cosmic electrons [40—45], and
neutrinos from various astrophysical sources [46-50].

Our Universe is abundant in MeV energy neutrinos
emerging from massive stars going supernova, right from
the epoch of first star formation. Similarly, our galaxy also
has energetic electron flux. We consider that the DM in the
Milky Way halo experiences scattering with the DSNB
neutrinos as well as the cosmic electrons, and gets boosted
to velocities v > 1073 ¢. Such upscattered low-mass DM
can leave interesting signatures in low-energy recoil experi-
ments like XENONIT (where detectable electron recoil
energies are of the order of few keV because it is based on
the scintillation process), as well as in high-energy recoil
experiments like Super-Kamiokande (where detectable
electron recoil energies are of the order of few MeV
because Super-K relies on Cherenkov radiation).

In earlier studies, CR electrons and DSNB were sepa-
rately considered as the particles transferring kinetic energy
to the DM. However, as shown in Fig. 2, the fluxes for
CR electrons and DSNB neutrinos are comparable in the
energy range 1 MeV <T; <50 MeV motivating us to
include both these contributions to the DM boost. Note
that, while studying o,,, ,, can in principle be set to zero
but the vice versa cannot be done since, for the detection of
the DM signal, the existence of o,, is crucial. And once o,
is nonzero, it will also contribute to boost the DM and must
be taken into account in a consistent analysis. In this work,
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FIG. 2. Fluxes of cosmic ray electrons and the diffuse supernova
neutrino background (summing over all flavors of neutrinos).

we have thus taken into account contributions to the DM
boost due to the CR electrons as well as the DSNB
neutrinos, and used the XENONIT [6] and Super-
Kamiokande [51] data to provide exclusion limit on the
DM-neutrino and DM-electron interactions. To our knowl-
edge, we are the first to use the Super-Kamiokande data to
constrain the DM-neutrino cross section, and we show that
it provides the strongest direction detection bound in the
DM mass range below ~10 MeV.

The paper is organized as follows. In Sec. I, we discuss
the DSNB and cosmic ray electron flux as a function of
energy. In Sec. III, we calculate the flux of boosted dark
matter which is used to calculate rate of scattering (Sec. [V)
in different detectors. This rate is then compared and
analyzed with the observations of XenonlT and Super
Kamiokande using y? statistics in section V. In Sec. VI, we
discuss our results and conclude.

II. COSMIC RAY ELECTRON
AND NEUTRINO FLUX

CR electron flux can be described by certain para-
metrization of the local interstellar spectrum [52] given as

if T, < 6880 MeV

_ ) 142.762x10%°7;9209 13 853x 10707, 10697
F(T,) = { 0

3.259 x 1010753505 1 3 204 x 10572620

where the unit of F(T,) is given in (m? s sr MeV)~! and the
kinetic energy (7',) of the CR electrons is in MeV. The above
parametrization is in accordance with Fermi-LAT [53-56],
AMS-02 [57], PAMELA [58,59], and Voyager [60,61] data.

On the other hand, the DSNB flux can be calculated from

the knowledge of the rate of core-collapse supernovae
(Reesn) [62,63]

if T, > 6880 MeV

Zmax dZ
—~Reesn(2)FL(E)).  (2)

q)v(Ev) |DSNB = H(Z)

The Rccesy 1 a function of star formation rate and has
been calculated following [64]. The observable effective
spectra of the neutrinos emitted from supernovae, is
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assumed to be of Fermi-Dirac form and approximately
given for each flavor as [62,64]

ot 2
R e THC)
6 Tn° T} exp(T—Z) +1
where E' ~ 5 x 10°? erg is the total energy released in the
supernova explosion in the form of neutrinos. 7, is the
temperature of the neutrinos. Supernova simulations and
Super-Kamiokande observations suggest the estimates of
the temperatures to be 7, =4 MeV for v,, T, =5 MeV
for v, and T,=8MeV for v, 0, v.,0, [64,65].
E, =E,(1+z) is the observed energy at earth due to
redshift z. The maximum redshift is generally taken
to be z,.« = 5. The Hubble function is given by H(z) =
Ho/Qp +Q,(1 +2)°, where, Hy=67 kms~! Mpc~".
Qy =07 and Q,, =03 are the vacuum and matter
contribution to the energy density of the Universe,
respectively [66].

Figure 2 shows the cosmic ray electron flux along with
the flux of neutrinos coming from supernovae. As can be
observed from this figure, for 1 MeV < T; < 50 MeV,
both the fluxes are of similar order and this range is crucial
for boosting DM with mass below MeV. This fact inspire us
to consider both the fluxes to derive bounds on s,, and o,
for light DM case considered here.

III. BOOSTED DARK MATTER FLUX

Cold dark matter (DM) particles get boosted after getting
hit by cosmic ray electrons and DSNB. We assume that
the DM-electrons or DM-neutrinos scattering cross section
is constant as a function of center of mass energy. We
calculated the flux of the boosted DM using the cosmic
ray electron and neutrino fluxes discussed at Sec. II
following [39,40,42].

For i-DM scattering (i = e, v), the energy transfer to the
cold DM by the CR electron/DSNB is given by

max [ 1 —cos
=Ty < ) )

max __ (Ti)z + 2Timi
x T;+ (m; + ml)z/(ZmZ) ’

4)

where @ is the scattering angle at the center of momen-
tum frame.

Solving Eq. (4) we get the minimum required energy of
the electrons/neutrinos to produce a certain amount of
kinetic energy of the boosted DM

. T 2T, (m; 2
T?‘lln: <;_ml> 1i\/1+'¥(ml+m)() ‘| (5)

m)( (2ml - Tl)z
The + and — sign in Eq. (5) are applicable for T, > 2m;
and 7, < 2m;, respectively.

For the elastic scattering cross section 6,;, the collision
rate of i — y per unit volume, having kinetic energy of the
particle i in the range [T;,T; + dT}], is given by

:G){i X n)( Xd(Dl

av
4,
dr = o, x 22 x i arav., (6)
m, dT;

where, % is the local interstellar spectrum for the
particle i. The solid angle subtended by a small facet
having flat surface area ds, orientation 77 and distance d

from the viewer is

dQ = 4z <4;%> (d-A) (7)

If d is very large, d-n=1.

We consider that the incoming electrons/neutrinos with
kinetic energy [T;, T; 4+ dT;] are contained within dV. Let
dl be the length at which dV is spread along d ~ it and dsA
be the area vector of the flat surface. In that case, dV ~
dl - ds and 4z d’ is the area of the sphere of radius d around
the DM particles.

Electrons/neutrinos are going out from dV to all direc-
tion. But we are interested only those who are directed
toward the DM. Therefore, i induced DM flux is given by

d‘l’x:/a..ﬂ_x.d@. s
dTi ! m, th 4T[d2
do; dQ
:/ %.LX. fal- ()
Line of sight m, dT, 4

Now we have to integrate over all possible line segment
dl along the line of sight. Let D be the effective distance
out to which all the electrons/neutrinos have to be taken
into account. So, for homogeneous and isotropic distribu-
tion of DM and i

do D,
e PN Py 49
dTi m)( dTl

* Degr )

In our present work, we consider the effective distance for
the DSNB to be D i = 10 kpc and for the incoming cosmic
ray electrons D .z = 1 kpc. As an independent variable, if
T, is having flat distribution (i.e., 7, can take any value in
the range [0, T;*] with equal probability), we can write,

o, &
— L =L Q™™ —T,). (10)
dT, Ty "7 d

But @, and 7™ both are functions of 7';, and in that case
®, can be written as
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cp)(:/ d%,(T)).
T,—0

Thus,

/4 - dT; )(7@ Tmax (T \_T. 1.
<dTZ>i A ldTl- T}r{nax(Ti) [)( ( ,) ){]

(11)

The heaviside step function ®[T}**(T;) — T ] inside the
integration [§° dT;... ensures that T > T, where T, is a
random variable having a flat distribution. In that way
O[T;™(T;) — T,] turns the above integral to a more mean-
ingful one f;',j,i“ .... In other words, the ® function ensures

that T, cannot take any value independent of 7'; and T'; has
a minimum value to produce a particular T,. So finally
Eq. (11) can be rewritten as

(&) = /oo dT.dq)lil .
dT)( i T:_ﬂin dTl T)r(nax(Ti)

Putting everything together, we get the following expres-
sion for the i-boosted DM flux from Eq. (11)

o, _ 5 el /oo g7 A0 1
— = 0. . .
ar,), "7 m, H e AT TEN(T)

(12)

(13)

Using Eq. (13), we obtain the BDM fluxes and show
them Fig. 3. The bumps in the right panel of Fig. 3 are due
to the behavior of DSNB spectrum. We also notice that the
flux of boosted sub-GeV DM peaks at energies greater than
a MeV due to DSNB. Thus, DSNB contribution could be
important in the context of Super-Kamiokande (where
recoil energies are of order of a MeV’s)

BDM flux for oy, = 0ye = 10" cm?

10*
.................... my=10""MeV (DSNB)

............. my = 1keV (DSNB)

..... my =1MeV (DSNB)

..... my =1GeV (DSNB)

_‘__“_::..g.; —-- my=10""MeV (CRe)
e -—- my=1keV (CRe)

—--- my=1MeV (CRe)

1074 1073 1072 107! 10° 10! 10? 10°
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IV. RATE EQUATION

Using the BDM flux obtained in Sec. III, Eq. (13), we get
the differential recoil rate as follows

dR oo do 1
= Xo,, / ar,» <—*> —ar (14)
dER Tmin(E ) dT)( lE;? (T)()

z R i=eyw

where, Ef**(T,) and TI""(Ey) are obtained using Eqs. (4)
and (5) with the simple replacements i — y and y — e,
respectively. As different experiments provide the event
rate R in different units, we incorporate this fact in a
single expression [Eq. (14)] via parameter X. Thus, the
recoil spectrum for XENONIT is obtained by taking
R = Zy,/my,, where Zy, is atomic number of Xenon
and my, is the mass of a single Xenon atom. In case of the
SK-I data, this factor corresponds to the total number of
electrons, X = 7.5 x 1033 [41,42,51].

Following Eq. (14) we expand the recoil spectra for
XENONIT and Super-Kamiokande to obtain

dR
dE, = Ac,.0,, + Bo, (15)
with
odr, 7 dr, do
A:NDfopi / max X / max : . (16)
m, . ER (T;() ) T)( (Tu) dTu
" (ER) "
and
B =NDff / miT Z / miT e 4%
n, . ER (T;() , T)( (Te) dTe
T (ER) "

(17)
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FIG.3. CR electrons, DSNB induced BDM flux for 6, = 0, = 1073% cm?. The left panel shows the BDM flux due to the individual
boost by CR electrons (dashed lines), DSNB neutrinos (dotted lines). The right panel shows the BDM flux due to the combined effect.
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FIG. 4. Variations of A and B as a function of the recoil energy for m, =1 eV (top), m, = 1 keV (middle), and
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experiment.

where A and B are functions of DM mass and electron
recoil energy. In Fig. 4, the coefficients A and B of Eq. (15)
have been plotted as a function of the recoil energy for three
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different DM masses, m, = 1 keV, 1 MeV, and 1 GeV for
both the experiments, XENONIT (left panel) and Super-
Kamiokande (right panel). In Fig. 5, on the other hand,
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FIG. 5. Variation of A and B for XENONI1T(left) and Super-Kamiokande(right) for different recoil energies.

variations in A and B are shown as a function of the DM
mass for three different recoil energies. As it can be noticed
from Fig. 4, for sub-MeV DM mass regime, A dominates
over B. Thus, the right side of Eq. (15) gets most of the

section.
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contribution from the A term. This implies, for that mass
range, the boost due to the scattering with DSNB neutrinos
play the dominant role. This will also be clear in the next
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V. x* ANALYSIS

To find the best-fit point and the exclusion region, we
perform a y? analysis using the following definitions

OE
Z(

data

(18)

Ay? = y*(BDM + By) — 7*(By only).  (19)
where, O; are the observed number of events, E; are the
expected number of events and (o;)4,, 1S uncertainty in the
measured data. For the (BDM + B,) case, to calculate
the E; values, we sum the BDM signal and the background

B, for each energy bin.

A. XenonlT

The XENONIT experiment is operated using a dual-
phase liquid-xenon time projection chamber. The detector
is capable of producing both prompt scintillation (S1) and
delayed electroluminescence (S2) signals. The S2/S1 ratio
is further used to distinguish electronic recoils from nuclear
recoils. The XENON collaboration, last year, reported a
3.50 excess of events in the electron recoil range of
1 keV < Er <7 keV with 285 events over the back-
grounds of 232 £ 15 events. This data was acquired in
total 277 days of live-time, which is referred to as Science
Run 1 (SR1) [6,67]. We use this data for the y? analysis to
obtain the best-fit point as well as the exclusion region in
(my,0) plane. In Fig. 6, we have shown the SR1 data
(in red) along with the predicted background By (in blue).

my =156 MeV, 0=1.5 x 10-%cm?, Ax? = -3.1

120 A
100 -
80 -

| xR *

40 4

Events/(tonne-year-keV)

20 A — Bo
—— BDM
—— BDM+By

¢ SR1ldata

T T T T T T T
0 5 10 15 20 25 30

Electron Recoil Energy [keV]

FIG. 6. Scientific Run 1 (SR1) data (in red) along with the
estimated background, B, (in blue) reported by the XENON
collaboration [6]. An example spectrum corresponding to the
best-fit point (m,.c) = (156 MeV, 1.5 x 107° cm?) is also
shown (green and black) for DM boosted by CRe and DSNB
neutrinos both.

The expected no.of events from boosted DM for the best-fit
point along with the corresponding total number of events
including the background are also shown.

As it is evident from Fig. 6, the expected background
(By) cannot explain the SR1 data. We estimated
1*(Byonly) to be ~27.1. Clearly, if the BDM contribution
explains SR1 data, Ay? must be less than 0 commensurate
with a better fit. To derive the exclusion limit with the
95% confidence, we demand Ay? > 40.1 that corresponds
to 27 degrees of freedom. We present the obtained
exclusion region in the m, — o, plane assuming o,, =0
in Fig. 7. Our results agree very well with the one presented
in [44] providing a good cross-check of our analysis.
The best-fit point marked with red is given by (m,.c)=
(156 MeV, 1.5 x 10730 cm?) corresponding to Ay? = —3.1.
The constraints from various experiments searching for
light cold DM such as SENSEI [68], PANDAX II [69],
XENONIT [70] are also shown for comparison. The results
of Ref. [44] and Ref. [41], which derive limits on CRe
boosted DM from XENONIT and Super-K data respec-
tively, are also given.

Further, we explore the scenario where ¢, ,, # 0 and
assume the flux of DSNB neutrinos is the sole contributor
to the DM boost, i.e., B =0 in Eq. (15). To do this, we
repeat the above analysis and obtain a bound on \/W as
a function of DM mass. The results are shown in Fig. 8

95% Exclusion limit from XENON1T data (A2 = 40.1)

1072 4 zT -2

10-31 4

o T

~ 0 e
§ by
bg# 10-35 e
107374
® Best-fit point
1073%4 —— Jho et al. [44]
Jho et al. [49] »
—— Das and Sen [50] Nop
10741 T : . .
1077 107° 1073 107! 10! 10°
my (MeV)
FIG. 7. Blue shaded exclusion region in the (m,,0,,) plane

derived from the XENONIT data at the 95% confidence level
for CRe boosted DM assuming o,, = 0. The region between the
two dashed lines satisfy Ay* <0, with the best-fit point
(0.6 MeV, 3.4 x 107! cm?) marked as a red point correspond
to Ay?> = —4.1. The constraints from other experiments on light
cold DM such as SENSEI [68], PANDAX II [69], XENONIT
[70] are shown for comparison. We also give the results from
Ref. [44], Ref. [49] and Ref. [50] for CRe, stellar neutrino and
DSNB boosted DM derived from XENONIT, along with the
results from Ref. [41] for CRe boosted DM derived from Super-K
(also Hyper-K projection) data.
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95% Exclusion limit from XENON1T data (A)(2 =40.1)
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FIG. 8. Exclusion region in the (m,,/5,.6,,) plane derived
from the XENONIT data at the 95% CL for DSNB boosted
DM assuming B = 0 in Eq. (15). The region between the dashed
contour satisfy A){Z < 0, with the best-fit point (156 MeV,
1.5 x 1073% cm?) marked as a red point correspond to Ay* =
—3.1. The constraints from other experiments on light cold DM
such as SENSEI [68], PANDAX II [69], XENONIT [70], along
with the constraints based on the results from Ref. [44] for CRe
BDM, Ref. [49] for stellar neutrino BDM and Ref. [50] for DSNB
BDM, derived from XENONIT data, are shown for comparison.
We also give the results from Ref. [41] for CRe boosted DM
derived from Super-K (also Hyper-K projection) data.

and we compare these with the results of Ref. [50] which is
analogous to the considered case and of Ref. [49] in which
stellar neutrinos instead of DSNB neutrinos boost the DM.
Note that our results are consistent with Ref. [50] for
large m, values. Also note that XENONIT sets bound
6, < 107 cm? for m, > 100 MeV whereas bounds from
SN1987A on new particles that have feeble interactions
with electrons in addition to stronger-than-weak inter-
actions with neutrinos allows ¢, <107 cm?(m,/MeV)
[71,72].1Theref0re, the best-fit point obtained for B = 0
case is ruled out.

As we mentioned earlier, the flux of DSNB neutrinos is
comparable to the flux of CRe in that energy range which
provides visible recoil energy due to light DM scattering off
electron. Therefore, next, we consider contribution of both
the fluxes. We assume o, and derive the exclusion
region, presented in Fig. 9.

Note that the exclusion region in Figs. 7 and 8 is derived
from A and B term of Eq. (15), respectively. In the current
case, both terms are combined to set the exclusion limit. For
lighter m,, A term wins over B, shown in Fig. 4. Thus, the
numbers in Figs. 8 and 9 are similar.

= 0-)(6

'We thank the anonymous referee for pointing out these
bounds.

95% Exclusion limit from XENON1T data (Ax2 = 40.1)
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FIG. 9. Exclusion region in the (m,,s,, = 0,.) plane derived
from the XENONIT data at the 95% CL for DM boosted by both
CRe and DSNB, corresponding to A # 0 and B # 0 in Eq. (15).
For all points inside the dashed line Ay?> < 0 and the best fit point
(156 MeV, 1.5 x 1073° ¢m?) marked with red point correspond to
Ay* = —3.1. The constraints from other experiments on light
cold DM such as SENSEI [68], PANDAX II [69], XENONIT
[70], along with the constraints based on the results from Ref. [44]
for CRe BDM, Ref. [49] for stellar neutrino BDM and Ref. [50]
for DSNB BDM, derived from XENONIT data, are shown for
comparison. We also give the results from Ref. [41] for CRe
boosted DM derived from Super-K (also Hyper-K projection)
data.

We also present the exclusion contours in o, — 0,
plane for different values of m,, in Fig. 10. The region above
the lines is excluded at the 95% CL. In the regime

6, > 0y, the first term in Eq. (15) dominates which

95% Exclusion limit from XENONI1T data (A)(Z =40.1)
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FIG. 10. Exclusion contours in (s,,,0,,) plane derived from
the XENONI1T data for DM boosted by both CRe and DSNB are
shown for different values of m,. The regions above the solid
lines are excluded at the 95% CL.
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FIG. 11. Super-Kamiokande data [51] along with the predicted

no. of events for DM boosted via CRe and DSNB neutrinos. In
the upper panel, the no. of events are shown as a function of the
electron recoil energy for different values of cross section at fixed
m,, = 20 MeV. In the bottom panel, the eventrate as a function of
the recoil energy is given for different values of m, at fixed
6 = 1.5 x 103! cm?. The visible wiggles are present due to the

detector efficiency.

implies 6,0, = constant and thus is the nature of the curve.
For ¢,, > 0,,, the second term in Eq. (15) dominates and
we obtain a contour independent of 6,,. Also, area excluded
increases with decreasing DM mass because lighter DM is

boosted more and hence it is more constrained.

B. Super Kamiokande

Super-K is a 50 kiloton water Cherenkov detector build
at the Kamioka mine in Japan. The data used for this
analysis is referred to as the SK-I data, which was taken for
total 1497 days of live-time. The detector directly looks for
the DSNB events via inverse beta decay v, + p = n + e™.
In the present work, we assume that the observed events are

95% Exclusion limit from Super Kamiokande data (Ay? = 26.3)
"

10-29

10-31 4

10-33 4

10735
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—— Our Work using XENON1T data
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FIG. 12. Exclusion region in the (m,,0,,) plane derived from
the SK I data at the 95% CL for CRe boosted DM assuming
6,, = 0. The constraints from other experiments on light cold
DM such as SENSEI [68], PANDAX II [69], XENONIT [70],
along with the constraints based on the results from Ref. [44] for
CRe BDM, Ref. [49] for stellar neutrino BDM and Ref. [50]
for DSNB BDM, derived from XENONIT data, are shown for
comparison. We also give the results from Ref. [41] for CRe
boosted DM derived from Super-K (also Hyper-K projection)
data.

consistent with the background and hence the signal due to
DM should be consistent with the data within the uncer-
tainty. Since an estimate of the background is not found in
the literature (to our knowledge), we take (B only) = 0
for SK-I data. In Fig. 11, we have shown the SK-I data
along with the predicted no. of events for CRe + DSNB
boosted DM for different values of m,. Also shown are
BDM-induced recoil spectra for different values of o,
for m, = 20 MeV.

We follow the y? analysis similar to XENONIT case to
obtain the constraints on the (m,,c) parameter space.
We, first, consider the scenario when o,,, = 0 and present
the results in Fig. 12. Here, the excluded region satisfies
Ay? > 26.3 which corresponds to 95% exclusion limit for
16 degrees of freedom. As it is evident from Fig. 12, our
results agree very well with that of Ref. [41].

In Fig. 13, we show the exclusion region assuming
B = 01in Eq. (15) or the flux of DSNB neutrinos is the only
contributor to the DM boost. To best of our knowledge,
there is no previous study where the exclusion limits on o,
are derived using SK-I data. Also, these bounds are
stronger than those obtained in earlier studies for different
detectors.

It should be noticed that the exclusion region extends
beyond 1 GeV in Fig. 12 which correspond to the CRe
boosted DM scenario whereas it is limited to 10 MeV in the
case of DSNB boosted DM (Fig. 13). This owes to the fact
that DSNB flux decline very rapidly for 7, > 50 MeV
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95% Exclusion limit from Super Kamiokande data (Ay? = 26.3)
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FIG. 13.  Exclusion region in the (m,, \/5,.G,,) plane derived
from the SK I data at the 95% CL for DSNB boosted DM
assuming B = 0 in Eq. (15). The constraints from other experi-
ments on light cold DM such as SENSEI [68], PANDAX 1II [69],
XENONIT [70], along with the constraints based on the results
from Ref. [44] for CRe BDM, Ref. [49] for stellar neutrino BDM
and Ref. [50] for DSNB BDM, derived from XENONIT data,
are shown for comparison. We also give the results from Ref. [41]
for CRe boosted DM derived from Super-K (also Hyper-K
projection) data.

95% Exclusion limit from Super Kamiokande data (Ax? = 26.3)
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FIG. 14. Exclusion region in the (m,, 6,, = 0,,) plane derived
from the SK I data at the 95% CL for DM boosted by both CRe
and DSNB, corresponding to A # 0 and B # 0 in Eq. (15). The
constraints from other experiments on light cold DM such as
SENSEI [68], PANDAX II [69], XENONIT [70], along with the
constraints based on the results from Ref. [44] for CRe BDM,
Ref. [49] for stellar neutrino BDM and Ref. [50] for DSNB BDM,
derived from XENONIT data, are shown for comparison. We
also give the results from Ref. [41] for CRe boosted DM derived
from Super-K (also Hyper-K projection) data.

" 95% Exclusion limit from Super Kamiokande data (A2 = 26.3)
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FIG. 15. Exclusion contours in (6,,,0,.) plane derived from
the SK I data for DM boosted by both CRe and DSNB are shown
for different values of m,. The regions above the solid lines are
excluded at the 95% CL.

whereas cosmic electron spectra is comparatively signifi-
cant at larger kinetic energy.

Next, we consider the DSNB + CRe flux which boost
the DM and derive the most general exclusion limits.
Assuming o, = o,,, we present the exclusion regions and
contours in Fig. 14 and Fig. 15 respectively. Note that
numbers obtained in this case are comparable to that of
Fig. 12 for larger masses whereas are similar to DSNB
boosted DM case (Fig. 13) for m, < 10 MeV. To under-
stand this, we follow Fig. 4 for SK T data. We observe that A
term of Eq. (15) dominates over B term for DM of mass
less than a few MeV, for Er < 50 MeV. Not only does it
dominate in a certain energy range, its magnitude is
very large. Therefore, bounds obtained in Fig. 14 for
m, < 10 MeV replicate the bounds in Fig. 13.

VI. CONCLUSIONS

In this work, we implemented the idea of boosted DM to
set exclusion limits on a combination of DM-electron and
DM-neutrino cross sections for low-mass DM. To register
events in the detectors of such DM particle interacting
with neutrinos, obviously, we need to assume nonzero
interaction strength between DM and the electrons.
Therefore we can not ignore the boost due to scattering
of DM with CRe while constraining DM-neutrino inter-
actions. Furthermore, we also noted that the flux of the
DSNB boosted-DM and the CRe boosted-DM are compa-
rable for light DM in the energy range relevent for
XENONIT and Super-Kamiokande. We perform a y?
analysis to obtain novel limits in the (m,,0,./,,) plane
using XENONIT (a low energy recoil experiment) and
Super-K (a high energy recoil experiment) data. We also
find the best-fit points explaining the reported excess events
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by XENONIT collaboration. We systematically study the
following cases: (i) cosmic electron boosted DM where
only DM-electron interaction is considered, (ii) a scenario
where DM particles get boosted only due to their inter-
actions with the neutrinos, and (iii) DM is boosted due to
interactions with cosmic electron as well as DSNB. To our
knowledge, we are the first to use Super-K data to derive
bounds on ¢,,. We found that Super-Kamiokande, in fact,
sets the strongest bound on o, for m, <10 MeV, as
shown in Figs. 13 and 14. It should be noted that while the
DSNB neutrino contribution dominate the Super-K limits,
the stellar neutrino contribution to boosted DM (given in
Ref. [49]) flux can lead to a non-negligible improvement in
bounds obtained via XENONIT since it is a low-energy
recoil experiment and stellar neutrino flux peaks at energies
in keV range. However, we leave a dedicated analysis on
CRe + DSNB + Stellar neutrino, a combined effect, for
future work.

We believe that large part of the parameter space for light
boosted DM could also be probed with other low-energy

recoil experiments like SENSEI [68], CRESST-1I [8],
PandaX [69] etc., the experiments which usually probe
cold DM. Similarly, it would be interesting to see how other
neutrino experiments/detectors like Borexino [73], DUNE
[74], JUNO [75], Hyper-Kamiokande [76], MiniBooNE
[77] could be utilized to rule out the models of boosted DM.
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