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XMASS is a multi-purpose experiment using liquid xenon (LXe) and is located at the Kamioka
Observatory in Japan. The detector consists is single-phase and has a 832 kg active volume, a
low energy threshold, low background and large target mass. With XMASS, it is possible to also
explore low energy neutrino physics to search for beyond teh standard model (SM) physics. Here
we present a search for exotic neutrino-electron interactions that could be produced by a neutrino
millicharge, a neutrino magnetic moment, or dark photons, using solar neutrinos. We analyzed
data taken between November 2013 and March 2016, giving us a 711days dataset. No significant
signal was observed above the predicted background in the detector. We thus obtained an upper
limit for neutrino millicharge of 5.4 x 10~!'e for all flavors of neutrino. We also constrainted
individual flavors to be smaller than 7.3 x 10~ !2¢ for Ve, 1.1 X 10~ e for vy, and 1.1 10~1e for
v¢. These limits for v,, and v, are currently the best direct experimental limits. We also obtain an
upper limit for the neutrino magnetic moment of 1.8x107'%x . In addition, we obtain upper limits
for the coupling constant of dark photons in the U(1)z_;, model of 1.3x107° if the dark photon
mass is 1x107> MeV/c?, and 8.8x107° if it is 10 MeV/c?. In particular, we almost exclude the

possibility to understand the muon g — 2 anomaly as originating from dark photons.
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1. Intorduction

In recent years, the larger size and lower background of dark matter search detectors have
opened up a new frontier of searching for new physics other than dark matter search for these
detectors. One of these areas is the search for exotic interactions by neutrinos from the Sun.
Solar neutrinos have been observed by various detectors, but pp-chain neutrinos, which have the
highest flux, have not yet been observed in neutrino-electron interactions due to their low energy.
When observing pp-chain neutrinos with a current dark matter detector, for example, the XMASS-I
detector, the background events is required to reduce to 1/100 or less.

Howeyver, if there is an exotic neutrino interaction not foreseen in the standard model, it is
expected that the number of events will increase, especially in the low energy region. This opens
the door for observations with low-threshold dark matter search detectors. In this paper, we search
for the exotic interaction of neutrinos from the Sun with the XMASS dark matter detector [1]. Here
we investigate new neutrino properties such as neutirno magnetic moment, millicharge, and dark
photon-mediated interactions.

In the Standard Model (SM), the electric charge of neutrinos is assumed to be zero. But
neutrinos may have a slight charge, as charge quantization has not been proven [2]. Also some
extensions of the SM yield neutrino magnetic moments at currently observable levels, which are
of 0(10712 ~ 10'% up [3]. In both cases, an electro-magnetic term has to be added in the cross
section of neutrino-electron interaction. Another scenario for exotic interactions is the possibility
that a dark photon mediates a neutrino interaction with electrons. Here we investigate dark photons
derived from a gauged U(1)p_r with the mass M4  and the coupling constant gg_ [4].

Our detector simulation translates theoretical cross sections for these exotic interactions into
spectra of deposited energy in the detector. Figure 1 shows these deposited energy spectra for
each of the neutrino interactions in xenon we investigate. Our analysis considers atomic effects
in xenon that affect the signal distribution. These appear as steps in these energy distributions at
atomic binding energies. To model these atomic effects, the relative random phase approximation
(RRPA) [5] is used in millicharge analysis, and the free electron approximation (FEA) [6] is used
in the magnetic moment and dark photon analysis. The event rate due to a neutrino millicharge and
magnetic moment are proportional to the second power of these quantities while the event rate for
dark photons is proportional to the forth power of gg_; with a dependence on M y,.

2. The XMASS detector

XMASS [7] is a multi-purpose detector with an ultra pure liquid xenon (LXe) target, designed
for single-phase readout. Its simple structure is easily scalable and optimized for high ligh collection.
Xenon’s high atomic number (Z=54) and high density (~2.96g/cc) allow a compact detector design
that is self-shielding against external gammas, which will be absorbed within a short distance from
the detector’s inner surface.

The XMASS detector [8] was constructed at the Kamioka Laboratory under an overburden of
2700 m.w.e. A cylindrical water tank of 10 m diameter and 11m height contains 72 20-inch PMTs
and ultra pure water. It constitutes a water-Cherenkov outer detector (OD) and serves as a shield
against fast neutrons and external gammas as well as an active muon veto. The inner detector uses a
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Figure 1: The deposited energy spectra for exotic neutrino interactions with electron in xenon. The magenta-
solid line shows a model where the neutrino has a millicharge (1.5%107'2¢). The red-dashed line shows a
model where the neutrino has a magnetic moment (1x107'°u ) The green-dash-dotted and blue-dash-dotted
line show models where neutrino interacts with electrons through dark photons with gz_;=1x107% and
M=1x10"3 MeV/c? and with gg_;=1x10"* and M4 =10 MeV/c?, respectively. The black-dotted line
shows the Standard Model neutrino-electron weak interaction.

total of 1107 kg of liquid xenon, of which 832 kg serve as an active scintillator target in its sensitive
inner volume.

642 photomultiplier tubes (PMTs, Hamamatsu R10789-11 and Hamamatsu R10789-11MOD)
are mounted on the pentakis-dodecahedral inner surface of the detector at radii slightly larger than
but close to 40cm. The photo-cathode coverage of that inner surface is about 62.4%. The quantum
efficiency of the PMTs at the liquid xenon scintillation wavelength (~175nm) is about 30% on
average.

The detector construction of XMASS-I was completed in September 2010. Physics data
were taken between December 2010 and May 2012 in the commissioning phase. After a detector
refurblishiment [9] that significantly reduced the background in the detector, we succeeded in
acquiring data continuously for more than 5 years from November 2013 onward. During this
period, the scintillation light yield response was traced by externally applying a %°Co source in
the OD water just outside of the inner detector’s cryostat, and inserting a >’Co source into the
inner detector every one or two weeks. Data taking with the XMASS-I detector was completed in
February 2019.

3. Analysis

We analyzed the data accumulated between Novermber 2013 and March 2016. The total
analyzed livetime is 711 days. Event selection is shown below. First, among the events that do
not have an OD trigger, the afterpulse events of ID PMTs and the Cherenkov events generated by
the interaction of S-rays generated from K mainly in the PMT photocathodes under the quartz
window of the PMTs are removed. Then, background events originating from the surface of the
detector are removed by performing an effective volume cut by based on a timing based positional
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event reconstruction (R (timing) < 38 cm) and another, PE distribution based reconstruction (R
(PE) < 20 cm). The weight of the xenon in this effective volume is approximately 97 kg.

These selection criteria were applied to both signal MC and background MC as well as to the
data. We performed detector simulation using the Geant4 simulation package. For the signal MC,
event selection was performed by weighting the electron event MC, which was produced uniform
in the detector, with the energy deposit spectrum calculated for the respective interaction shown in
Fig 1. The bottom of Fig 3 shows the signal efficiency for the millichagre signal. At the same time,
the scintillation efficiency of liquid xenon and the systematic error introduced by the event selection
were evaluated.

Background MC is generated for each detector material and radioactive isotopes (RIs) with
the XMASS MC [10]. The same event selection is applied, produced with the same statistics as
the data. Fig 2 shows the energy distribution of the BG simulation from 2-200 keV after event
selections. The dominant BG component for E < 30keV derives from RlIs at the inner surface of
the detector. These Rls are 238U, 233U, 232Th, 4°K, %°Co and 2!°Pb present in the PMTs and 2!°Pb
in the copper used in the detector structure holding the PMTs. All detector materials except for the
LXe had been assayed using high-purity germanium detectors or a surface alpha-ray counter [11].
Some of these RI events remain after event selection by being accidentally mis-reconstructed within
the fiducial volume in the position reconstruction which is why we call them mis-reconstruction
events. For these mis-reconstruction events, we applied a data-driven correction to the simulated
BG spectrum in order to take into account the systematic difference in the mis-reconstruction rate
near dead PMTs ( 9 out of 642 PMTs which had been found to noisy or delivered strange response
and had been turned off). The systematic error evaluation focussed on the detector’s inner surface
condition and this correction for mis-reconstruction near dead ID PMTs for energies E < 30 keV.
For E > 30 keV, RI dissolved in the LXe become the dominant BG component. Impurities in LXe
such as 222Rn, 8Kr, 3°Ar and '*C were evaluated [12]. Also xenon isotopes generated by neutrons
such as 131 Xe, 133Xe 1257 and 13¢Xe were found to be produced in the cooling towers for the LXe,
which were outside of the water shield.

Signal MC and Background MC follow the changes in the optical parameter of the liquid xenon
as measured by our regular calibration data throughout the whole data-taking period.

4. Results

x? fits were performed on the data using BG MC with its proper systematic uncertainties and
the respective signal MC for the respective interaction model. The energy range was set to be 2-15
keV for the neutrino millicharge and 2-200 keV for the neutrino magnetic moment and dark photon
searches to fully cover the respective signal regions. We note that the constraints due to '*C, 3Ar,
131mxe and 133Xe are not applied in the dark photon or neutrino magnetic moment analysis becasue
the spectrum of expected signals and these BGs are overlapped at energies.

Fig. 3 shows the data amd best-fit signal + background MC with the signal MC at the 90%
confidence level (CL) upper limit for the neutrino millicharge analysis. We found no significant
signal excess for any of our signal models. The upper limit for neutrino millicharge at 90% CL
is though for the 5.4x107'2¢ if all three species fo neutrino have a common millicharge. For the
neutrino (not anti-neutrino) case, our limit is more stringent than the previous limit in [13]. The
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Figure 2: (Top) The energy distribution of the BG simulation after event selection from 2 to 200 keV. The
contributions to the BG originating from various types of events are indicated by the colored histograms in
the top panel. (Bottom) The cumulative contribution of all the systematic errors is indicated by the red band
in the bottom panel.

upper limit for each flavor of neutrino produced by neutrino oscillations of solar neutrinos was
calculated to 7.3x107!2e for v,, 1.1x107'!e for v,, and 1.1x107!!e for v, and the strongest limit
was given for positive neutrinos.

We also searched for signal excesses due to a neutrino magnetic moment and dark photons,
but again found no significant excess. Fig. 4 shows the energy distribution of the data and the
best-fit signal BG with the signal MC at the 90% CL upper limit for a neutrino magnetic moment
(top) and dark photons (middle and bottom). The best fit neutrino magnetic moment was u, =
1.3x107 % and the 90% CL upper limit is 1.8x107'%up. We investigated dark photon masses
from 1x1073MeV/c? to 1x10°MeV /c? of M4 of dark photon. The middle and bottom figures of
Fig. 4 are the results when My = 1x1073 MeV/c? and My = 10 MeV /c?, respectively. The upper
limits for gg_y with My = 1x1073 MeV/c? and M4 = 10 MeV /c? are 1.3x107% and 8.8x107> at
90% CL, respectively. The 90% exclusion limit of our analysis is shown in Fig 5 with together with
other existing exclusion limits and allowed regions. Most of the parameter space for (g — 2) dark
photon prediction was excluded by our analysis.

5. Conclusions

We have searched for exotic neutrino-electron interactions that could be produced by a neutrino
millicharge, by a neutrino magnetic moment, or by dark photons using solar neutrinos in XMASS.
We analyzed the data between November 2013 and March 2016 which corresponds to 711days live
days. No significant signals have been observed over the predicted background in detector. We
obtained an upper limit for neutrino millicharge of 5.4 x 10~!!e for all flavors of neutrino. We also
derive limits for individual flavors that are 7.3 x 10~ !2¢ for v, 1.1 x 10~ e for vy, and 1.1 X 107 11e
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for v-. The limits for v, and v, are the best limits from direct detection. We also obtain an upper
limit for the neutrino magnetic moment of 1.8x107 %4 5. Finally, we obtain an upper limits for the
coupling constant of dark photons in the U(1)g_; model of 1.3x107 if the dark photon mass is
1x1073 MeV/c?, and 8.8x 107> if the mass is 10 MeV /c?. This limit almost excludes the possibility
to understand the muon g — 2 anomaly by dark photons.

-y
<
[5)

. Data
The best-fit signal + BG MC
1o errors

------- signal MC at 90% CL limit

[event/day/kg/keV]

= N W A~ OO N 0

IIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIII|||IIIIIIIIIIIIIIIIIIIIIIIII X

Regconstgu%ted gr%ergy[l(‘éV]

Figure 3: (Top) The energy distribution after applying all cuts. The black points show the data. The blue
histograms show the best-fit signal + BG MC simulation with 1 o errors shown by the green histograms. The
red-dotted histograms show the 90% CL upper limit for the neutrino-millicharge signal. (Bottom) Signal
efficiency curve for the millicharge analysis.
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Figure 4: The energy distribution of the data, the best fit signal + BG and the 90% CL signal limit from
2 to 200 keV for the neutrino magnetic moment analysis (top) and the dark photon analysis (middle: dark
photon mass M, = 1x1073 MeV/c?, bottom M4 = 10 MeV/c?). The black points show the data. The blue
histogram shows the signal + BG MC for the best fit with 1 o errors shown by the green histograms. The
red-dotted histogram shows the 90% CL upper limit for the signal.
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Figure 5: 90% CL exclusion limits and allowed region on the coupling constant gp_; as a function of
the dark photon mass M4:. The black-solid line shows the exclusion limit of our analysis (XMASS). The
20-allowed-region band from the muon (g — 2) experiment is shown as “(g — 2) DP” as the red-meshed
region. The blue and magenta regions are excluded by laboratory experiments respectively. The cyan and
orange regions are excluded by cosmological and astrophysical constraints respectively. The dotted lines
are the estimated limit curves from neutrino-scattering experiments (GEMMA (¥,), Borexino (solar v),
TEXONO-Csl (v.) and CHARM II (v,,)). These exclusion regions and curves are summarized in [4].
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