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Sterile neutrino mixing parameters from solar-neutrino coherent scattering
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Recently, dark matter direct-detection experiments have begun their exploration of the “neutrino fog,”
providing the first hints of detection of solar neutrinos scattering elastically with the nuclei in the detector. In
this work, we investigate how such observations can be used to uniquely explore sterile-neutrino parameter
space, specifically through mixing with v, and v,. While it is challenging to constrain these parameters with
current observations—PandaX, XENONnT, and LZ—we demonstrate how future measurements (with
modest improvements to exposure and systematic uncertainties) can provide useful, complementary
information in the search for sterile neutrinos. With an ideal, next-generation direct-detection facility (~3000
ton-yr), we can probe parameter space previously unexplored by other methods, including long-baseline and
atmospheric searches for this class of new physics.
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I. INTRODUCTION

Experiments designed to search for dark matter through
direct-detection processes, in which dark matter scatters
with electrons and/or nuclei in low-threshold detectors,
continue to improve their sensitivity to unprecedented
levels [1-4]. The experimental sensitivity is now improving
to the point at which they are able to detect solar neutrinos,
reaching the so-called “neutrino fog” [5-7]. As experi-
mental exposures increase, these measurements may be
used to better understand neutrino sources, and possibly
neutrino properties themselves [8,9].

Neutrinos mimic dark matter scattering signals in these
environments when they scatter coherently off the nucleus
via the CEvNS (coherent elastic neutrino-nucleus scatter-
ing) process [10]. At tree level, this process is equally
sensitive to scattering by all active neutrino flavors through
exchange of the Z boson, with higher-order corrections
providing some flavor dependence [11,12]. The first
detection of neutrinos by dark matter detectors was recently
reported by PandaX-4T [13], XENONnNT [14], and LZ [15]
collaborations, each identifying ®B solar neutrinos as the
source. These experiments operate with effective nuclear
recoil energy thresholds <1 keV, and given their exposures
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and backgrounds, they identify the ®B component of the
solar-neutrino flux at a ~20 — 40 significance level. This is
the first detection of CEvNS from an astrophysical source,
complementing the detections from the stopped-pion
source by the COHERENT experiment [16—18], and the
CONUS + detection from a nuclear reactor source [19].

Previous studies have considered the prospects for study-
ing beyond the standard model (BSM) physics using
PandaX-4T, XENONNT, and LZ [20-26]. These analyses
showed that, since all three neutrino flavors are contained
within the ®B flux, these experiments are uniquely sensitive
to nonstandard neutrino interactions in each of the electron,
muon, and tau neutrino sectors. The measurements addi-
tionally provide new insights into standard model (SM)
neutrino physics [27]. In this work, we will focus on a
specific BSM scenario in the context of measuring solar
neutrinos using dark matter detectors and the CEvNS
process: the scenario in which a new, light sterile neutrino
exists.

CEuNS is sensitive to all active neutrino flavors interact-
ing. In the context of a sterile neutrino, we are sensitive to
the possibility where electron neutrinos, produced in the
Sun’s core, oscillate into the sterile eigenstate before
interacting in the dark matter detector. Even though this
detection method cannot identify v, and v, (e.g., via
charged-current(CC) interactions), these oscillation proba-
bilities can still be sensitive to the mixing between v, . and
the new mass eigenstate [28]. Because of this unique
sensitivity, as well as the fact that v,-sterile mixing is well
constrained, we will focus on the mixing parameters |U M4|2

and |U,|? throughout this work. Earlier studies have
examined the prospects for identifying sterile neutrinos at
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dark matter detectors in the simple case of one free mixing
parameter [29]. Despite strong constraints from other search
strategies [28], we will demonstrate how CEvNS detection
of solar neutrinos in dark matter detectors can be highly
complementary. While current PandaX-4T, XENONNT, and
LZ results cannot improve on current constraints, we find
that with reasonable increases in experimental exposure and
improvements to systematic uncertainties, direct-detection
facilities can probe previously untested sterile neutrino
parameter space.

The remainder of this work is organized as follows:
Sec. II introduces the sterile neutrino framework on which
we focus here and its impact on the solar-neutrino flux
present at Earth. In Sec. III, we briefly discuss the CEvNS
scattering process and how we reinterpret the existing
experimental results. We spend some time focusing on
current systematic uncertainties as a means of understand-
ing future capability, which we expound upon in Sec. IV. In
Sec. V, we offer some concluding remarks.

II. STERILE NEUTRINO IMPACT
ON SOLAR-NEUTRINO FLUX

We are interested in the scenario where a light (<keV)
sterile neutrino exists that mixes with the mostly active
neutrinos—in this case, we extend the 3 x 3 mixing matrix
to be 4 x4, and three new physical mixing angles are
relevant. We will work in terms of the mixing matrix
elements |Uy|?, a = e, u, ." At the Sun’s core, only v, are
produced—our goal is to determine the flavor structure of
those neutrinos as they exit the Sun and reach the Earth.

Solar neutrinos have energies well below the charged
muon and tau masses, and so the only detection methods
are through either neutral-current or charged-current v,
scattering. To that end, we require only two effective
probabilities for our calculation: P(v, — v,), i.e., the
survival probability of electron neutrinos when they arrive
at a detector on Earth, and P(v, — v), i.e., the fraction of
electron neutrinos that are no longer “active” when reach-
ing the detector. We can express these effective probabil-
ities using

4

P(I/e_)yz):Z|UZ;<|2|Uzk|2’ (1)
k=1

where z = e or s (the “sterile” flavor combination), and the
superscript “m” indicates the matter-induced values of the
mixing matrix elements for the neutrinos as they propagate
from the core of the Sun to its surface. The elements |U |
which are unphysical, may be determined by imposing the
unitarity of the 4 x 4 mixing matrix. We will work in the

k]

'"Two additional CP-violating phases are present in this case,
however, we are not sensitive to their effect and so we disregard
them for this analysis.

regime where the sterile neutrino is sufficiently massive so
that the new mass eigenstate “decouples” from the others
and evolves adiabatically. This requires approximately
Am3; 2 107 eV?2, which we will assume throughout the
remainder of this work.

In this approximation, we can derive analytic expres-
sions for the two effective probabilities, which are useful in
understanding the results to come,

P(Ve - Ve) = (C?3P§£/I + Séll3)(l - |Ue4|2) + |Ue4

St

Pv, —v,) = ((CT2C13)2|Us1|2 + (51"2013)2|U52‘2

+ U ) (1= [U?) + U PIUP. (3)

Here, PSM is the expected solar-v, survival probability in
the absence of a new sterile neutrino eigenstate, and Eq. (2)
provides us a way of interpreting deviations from this
expectation driven by the new state. We have explicitly
substituted the electron-row mixing elements in terms of
their standard mixing angle representation, c¢;; = cos®;;
and s;; = sin6;;, with 6,, and 6,3 being two of the three
mixing angles present in three-neutrino oscillations. For
this approximation, we make the simplifying assumption
that 6}, is the only mixing angle modified by the matter
effects in the Sun.

A great deal of work has previously explored the use of
solar neutrinos to constrain a sterile neutrino mixing with
v, via nonzero |U 4|>*—by contrasting Egs. (2) and (3), we
see that P(v, — v,) may readily probe nonzero |U 4|>*—
this can be done stringently using, e.g., SNO, Super-
Kamiokande, and Borexino’s results for v, charged-current
scattering. We refer the interested reader to Refs. [30,31]
and references therein for thorough discussion of v,-based
constraints on |U,4|*> in the context of a light sterile
neutrino. Moving forward, we will take the |U,[> = 0
limit due to these strong v,-sensitive constraints and focus
instead on experiments sensitive to the total flux of active
neutrinos. In taking this limit, P(v, — v,) approaches its
SM expectation, leaving only P(v, — v,) as a channel that
can probe whether a sterile neutrino is impacting solar-
neutrino oscillations.

Driven by this, we turn our attention to how CEvNS may
be used in a direct-detection experiment, sensitive to the
solar-neutrino flux, to study sterile neutrinos. As we are in
the |U4[* — 0 limit, only |U,4[* and |U,4|* can make an
impact, specifically on P(v, — v;). While |U 4| and |U 4|*
do not explicitly appear in Eq. (3), they do modify the
oscillation through the sterile-row elements (which are
connected via the overall 4 x4 matrix’s unitarity). In
general, the 4 x 4 matrix’s unitarity imposes the following
relation between the sterile-row elements Uy; and the active-
row elements USM (corresponding to their values in terms of
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the standard mixing angles when all new parameters are
shut off):

Usi - Z waU(Sl?/Ia l: 172’ 3’ (4)
a=eu,t
L UuU
e ’
V 1 - |Ue4|2
o Ui ’
H ’
VU= UaP) (1 = Ul = |UP)
o Us
V1= Ul = U,P
|Us4|2: 1_|Ue4|2_|UM4|2_|U14|2‘ (6)

Further simplification is possible in the |U,4|> — O limit
(which we will take throughout the remainder of this work).
Simply to illustrate the effect, if we additionally take the
|U.4|> = 0, we have Uy, = Ui = 0 and
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FIG. 1.

Most importantly, even if |U,4*> < 1, CEUNS allows a
probe of solar neutrinos still sensitive to |U,4|* and |U_4|* in
a novel way and P(v, — v) is the only method to test this
scenario.

When considering neutral-current scattering via the
coherent scattering CEUNS process, we will predomin-
antly be sensitive to incoming neutrinos with energies
5MeV S E, <16 MeV. In Fig. 1 (left) we demonstrate
the oscillation probability P(v, — v,) across this energy
range for a handful of parameter combinations. We find that,
for all parameter space of interest, this effective oscillation
probability is flat, which will be a key factor (even a
hindrance) in the analysis to follow.

While we will attempt to constrain the new mixing
parameters |U,4|* and |U.4|?, we note that their impact on
P(v, — v,) depends significantly on the “standard” oscil-
lation parameters entering Eq. (3). The right panel of Fig. 1
demonstrates this explicitly, where (fixing |U,4|*> =0,
|U,4|> =0.1, and |Uyl* =0.3) we allow four of the
standard mixing parameters to vary within their 3¢ cur-
rently allowed range, per [32]. Since 6, and 0,5 are already
well constrained, varying them makes little impact on
P(v, — vy)—the largest impact comes from uncertainty
on 6,3 (given that it is the largest mixing angle and is less
precisely measured) and dcp.

Through the remainder of this work, we will be inter-
ested in two specific new physics benchmark points,

Point A: {|U % [Uul?. |U?} = {0.0.1,03}, (9)

{|Ue4|27 |Uu4|2v |UT4|2}:{0, 0~17 0~3}

0.10f
C Varying 6,
0.09F * Varying o
u Varying 0,3
0.08F ~ Varying by
—~ [—— Bestfit | = _a===mTTTT

,
=

0 2 4 6 8 10 12 14 16
E, (MeV)

Left: oscillation probability of electron neutrinos produced in the Sun into sterile neutrinos at detectors on Earth as a function

of neutrino energy for a variety of choices of new physics mixing parameters. The gray, shaded region indicates the energy range of
interest for solar neutrinos interacting in direct-detection experiments. Right: for a fixed combination of new physics parameters

(|Ue4|2 =0,

U u4|2 = 0.1, |U.|> = 0.3), the impact of varying different “standard” mixing parameters on the oscillation probability

P(v, — vy). Each parameter depicted is allowed to vary, one-at-a-time, within its current 3¢ allowed range [32].
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FIG. 2. The impact of varying standard, three-flavor oscillation parameters on the oscillation probability P(v, — vy)
for new physics parameters corresponding to Point A (left) and Point B (right), as labeled above each panel. The different color
bands correspond to the 1, 2, and 36 CL expectation of the oscillation probabilities if we allow all oscillation parameters to vary

according to current knowledge [32].

Point B: {|U,4/% |U,s% U2} = {0,0.005,0.1}.  (10)

Point A is representative of parameter space that is
currently testable by other means of studying solar neu-
trinos and Point B is currently untested by any experimental
approach [28]. For nominal values of the standard oscil-
lation parameters, we expect that P(v, — v,) = 0.04-0.05
(0.02-0.03) for Point A (B). If we extend the analysis of
Fig. 1 (right) to allow all oscillation parameters to vary
within their current uncertainties [32],2 we find that even at
20 CL, these probabilities can vary by a factor of 2. This is
demonstrated explicitly in Fig. 2 for Point A (left) and Point
B (right). As with Fig. 1 (right), most of this variance comes
from the uncertainty on 6,3 and dcp. With future precision
measurements of these quantities from DUNE and T2HK,
the size of the colored bands in Fig. 2 should decrease
substantially. For the remainder of this work, we will
neglect the impact of standard parameter uncertainties on
the new physics sensitivity. In principle, this could be
incorporated as a systematic uncertainty that weakens our
projected sensitivity.

III. COHERENT SCATTERING
OF SOLAR NEUTRINOS

Dark matter direct-detection experiments can observe
solar neutrinos via a flavor-blind, neutral-current CEvNS

2Specifically, we use the results of Ref. [32] to draw random
sets of standard oscillation parameters, following the covariances
in parameters evident in the y? tables provided. This leads to
some discrepancy between Figs. 1 (right) and 2 (left), in which
we assumed Scp = —x/2.

process. As a result, these experiments are equally (up to
radiative corrections [12]) sensitive to all active neutrino
flavors. In the context of a sterile neutrino analysis,
this means they are capable of measuring the quantity
1-Pv, = vy)] (D).

The differential cross section of this coherently enhanced
scattering process is given by

do GiMy

Ty MyTy
dTy T

where E,, Ty, and My signify neutrino energy, nuclear
recoil energy, and mass of the target nucleus, respectively.
Gp is the Fermi constant and Qy =1 ((1—4sin’6y)
Z —N) is the weak charge that depends on the number
of protons (Z), the number of neutrons (N), and the sine of
the weak mixing angle 0y. Fy (Q?) is the nuclear form
factor dependent on the momentum transferred to the
nucleus Q.

For this analysis, we focus our attention on current
experiments that have observed ®B solar neutrinos with
greater than 20 significance, namely, PandaX-4T,
XENONNT, and LZ. Each is a xenon detector utilizing a

TABLE I. Experimental thresholds and exposures for different
datasets.
PandaX-4T PandaX-4T XENONnT LZ
Paired Us2 Paired Paired
Threshold 1.1 keV 0.33 keV 0.5 keV 1.0 keV
Exposure 120 (tx y) 1.04 (tx y) 351 (tx y) 5.7 (txy)
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dual-phase time-projection chamber, producing both scin-
tillation photons (S1 signal) associated with nuclear recoils
and corresponding ionization electrons (S2 signal). A
summary of key experimental details relevant for this work
is shown in Table L.

In Ref. [13], two datasets have been analyzed by PandaX-
4T collaboration: a combined S1/S2 analysis (“paired”) or a
S2-only one (“US2”). The reported number of events
observed (including backgrounds) for the two datasets is
3 and 332, respectively, corresponding to joint likelihood
best-fit values for ®B signal of 3.5 & 1.3 and 75 % 28 with
fully correlated uncertainties. In addition, they also present
the unblinded US2 dataset plotted against the number of
ionized electrons, providing spectral information of two
dominant sources of background: the radioactivity on the
cathode electrode referred to as cathode background and
“microdischarging” (MD).

For the case of XENONnT [14], the experiment
observed 37 observed paired events corresponding to a
best-fit value of 10.77;7 *B events. The dominant back-
grounds considered for the dataset are accidental coinci-
dence (AC), radiogenic neutrons originating from the
detector (neutron background), and beta decays from
radioactive impurities and electrons scattered by external
photons (electronic recoil (ER) background).

Finally, LZ [15] also studies paired-coincidence events
with both S1 and S2 energy depositions. Accounting for AC
backgrounds as well as neutron-induced events, the total
expected background rate is approximately 6.64 events,
where a total of 19 were observed. The expected rate of *B
CEvNS events was 20.6, leading to a total expected rate of
27.2. LZ collaboration performed a fit, normalizing the *B
flux in their analysis, and obtained a value below the
expectation—12.3fg_'2 events.

For analyzing the spectral data we adopt the procedure
presented in Refs. [23,26].° Putting the three experiments in
context, the size of the uncertainties on the measured solar-
neutrino flux using CEvNS is roughly comparable, with
LZ reporting the most precise measurement (despite the
smaller-than-expected observation). There is mild (<1o)
disagreement between the L.Z and PandaX-4T results, with
XENONNT’s measurement being compatible with each of
the other two.

We showed in Fig. 1 that the ®B flux is only sensitive to
overall normalization effects in the oscillation probability
P(v, —» vg) in the context of a light sterile neutrino.
Nevertheless, we may calculate the expected event rate in
a given energy bin using

The background terms in our analyses are scaled by a single
nuisance parameter per experiment, constrained by their total
uncertainty, shown in Tables III and IV.

dp do
R; = (&P CP 1-P —dE
= eve [ 1= p =l S22 a,

o ATy N
Xsepmdne p, (12)

where superscript exp. refers to a particular experiment and
the subscript i signifies the ith bin. {**P. is the experiment-
dependent exposure given in Table I, £*P. is the signal
efficiency/signal acceptance for the experiment extracted

from Refs. [13-15], and % gives the solar-neutrino flux

information. In addition to these, we also include correction
factors C;". to match our standard model predictions [when
P(v, — v,) = 0] with the best-fit results presented by the
collaborations. This is done in order to account for effective
efficiencies and detector effects.

Our test statistic then is a chi-squared including both the
expected signal rate R; for a given experiment along with its
expected total background B;: N; = aR; + B;, where a
and g are included as normalization nuisance parameters.
The chi-squared for a given experiment, using a Poissonian
log-likelihood, is then

SR D;
= n;lﬂn{ZZl: [N, D; + D;log <Ni>:|
—a\2 —_B\2
G w
O, o i
where o, and 64 are our signal and background normali-
zation uncertainties, respectively, and we have profiled over
the nuisance parameters. Here, D; is a given experiment’s
data in energy bin i (or a projection of a future experiment’s
Asimov-expected data).

The observed data for XENONNT are binned in terms of
three bins of “cS2” (corrected S2 photoelectrons) in the
range [120, 500], while PandaX-4T binned the data in
terms of number of S2 electrons N,-, with signal data
dominating eight bins in the range [4, 8]. As a result, the

event rates have to be calculated in terms of n** [in
Eq. (12)], which are functions of T (see Table II).

A. Systematic uncertainties in current analyses

In order to address sensitivity to the signal of a sterile
neutrino that modifies P(v, — v,), we need to account for

TABLE II. QF"(Ty) is the charge yield extracted from
Refs. [13,33] and g2 = 16.9 photoelectron (PE)/electron is the
electron gain constant.

PandaX-4T US2 only =~ XENONNT Paired

Number of bins 8 3

nX-P Number of S2 e~ ¢S2 PE
Range n*-P [4,8] [120,500]
n**(Ty) TNOy(Ty) TnOY (Ty)g2
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TABLE III.

Expected signal/background rates under nominal exposures for the PandaX-4T US2 and paired

analyses. We provide expected event rates and our estimate of each associated systematic uncertainty.

PandaX-4T US2 only

PandaX-4T Paired

Expectation Relative rate (%) Expectation Relative rate (%)
Signal Rate 43 +10 23 34£1.04 30
Background 1 Cathode 204 + 45 22 AC 2.54 £0.73 28
Background 2 MD 45 +7 16 Neutron-related 0.1 £ 0.04 40
Background 3 ER 22+0.3 14 ER + surface 0.17 £+ 0.07 40
Total 294.2 £ 46.6 16 6.21 +1.27 20

systematic uncertainties in these direct-detection-as-
CEvNS facilities. Broadly speaking, such uncertainties
can apply in two classes: uncertainties related to expected
background event rates and to the overall signal rate
expectation. Since, for the energies of interest, P(v, — vy)
is flat, the goal in a precision measurement is to reduce such
uncertainties as much as possible.

We summarize the current state of systematic uncertain-
ties on both the expected signal and background rates for
the two PandaX-4T analyses in Table III and for
XENONNT and LZ’s paired analyses in Table IV. For each
class of signal or background, we also provide that
systematic uncertainty’s relative percentage rate. Finally,
we combine these into a total event rate expectation with a
corresponding systematic uncertainty (by adding all uncer-
tainties in quadrature). We see that the experiments
presently exhibit O(10%) systematic uncertainties in their
present analyses—16% overall background uncertainty in
PandaX-4T US2 and 12% in XENONNT paired. LZ’s
systematic uncertainty on its total expected rate is domi-
nated by the O(30%) uncertainty on the ®B signal expect-
ation, and the uncertainties on its accidental coincidence
and neutron-related backgrounds are relatively low.

Reducing each background contribution’s relative uncer-
tainty over time will assist in improving the overall
systematic uncertainty of such analyses, as will improving
the signal-to-background ratios. Ultimately, any future
experiment with longer exposures and improved signal-
to-background ratios will reach limitations due to

systematic uncertainties on its signal expectation. This
can be limited by detector effects as well as the theoretical
uncertainties behind solar-neutrino model predictions,
which presently are at the few-percent level.

In the following section, we will demonstrate how
experimental sensitivity is limited by a given systematic
uncertainty floor. In order to be competitive with other
sterile-neutrino probes of |U,4|* and |Uyl*, systematic
uncertainties in the 1-5% range will be necessary.

IV. FUTURE CEvNS PROJECTIONS

In this section, we make projections for how future
CEvNS detection of solar neutrinos can constrain sterile-
neutrino parameter space. We take a simplified approach, in
light of the above discussion, working in terms of (a) the
ultimate systematic uncertainty achievable in an experi-
mental environment, as well as (b) the required statistics/
exposure necessary to target the parameter space of interest.

To motivate this, let us return to Point A, defined
in Eq. (9). As we showed in Fig. 2, this point predicts
P(v, = v,) = 0.05 for the energy range of interest for °B
neutrinos. While this parameter combination (for suffi-
ciently large Amﬁl) is excluded by various long-baseline
neutrino experiments [28], it is an interesting benchmark
against which to compare, as it is not currently tested by
existing solar-neutrino constraints.

In order to have experimental sensitivity to this point, we
must achieve systematic uncertainty below the 5% level
and acquire enough statistics so that the relative statistical

TABLE IV. Expected signal/background rates under nominal exposures for the XENONnT and LZ paired
analyses. As with Table III, we provide expected event rates with associated uncertainties.

XENONnT Lz
Expectation Relative rate (%) Expectation Relative rate (%)
Signal Rate 10.74+3.95 36 20.615% 33-43
AC 2534+1.7 6 6.6 +0.3 4.5
Neutron-related 0.54+03 60 0.04j8:§2 ~100
ER 0.5 £0.65 ~100 e
Total 370+ 44 12 27,2j71%1 27-37
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Benchmark Points {\Uﬁ4|2, |Uu4|2 , |UT4|2}
Point A: {0,0.1,0.3} -

Point B: {0,0.005,0.1}

20 XENONnT [ PandaX — 4T 1y LZ !
1 1 I ]
Lok — 5= { L — sB=1 1 sm=1 1
§/B=2 Iy §/B=2 Y §/B=2 1
= zero bkg. ! II = zero bkg. ll ,’ = zero bkg. II
~ 12 T Ll /!
=< / / ey /
<] ’ 1 Y] II II
8F— / / — S — 0
/ 4 Vi /
s’ 7,7
,, /, /, //
4 ’// //, ’// Al ///
0 P e e N 11| R MR e 1 A1 e o A 11 A W AW 1
1 10 102 103 1 10 102 103 1 10 102 103

Exposure increase factor Exposure increase factor Exposure increase factor

FIG. 3. Statistics-only sensitivity to benchmark parameter points “A” and “B” (specified in the text and legend) for solid and dashed
lines, respectively, considering an increased-exposure version of three different experiments: XENONNT (left), PandaX-4T (center), and
LZ (right). We show projections for increased exposures for a variety of signal-to-background ratios: a perfect, zero-background

measurement (black), and S/B = 1 (blue) or 2 (orange). In general, these experiments can reach these benchmark points (statistically)

for O(10-100) factors of increase in exposure.

uncertainty is also below this level. Whether we have
sufficient statistics to reach 5% precision depends both on
the exposure of the experiment as well as the signal-to-
background ratio achievable. As we saw in the discussion
surrounding Table III and IV, the various experimental
analyses have each already achieved O(10—50%) signal-
to-background ratios. LZ, in particular, has demonstrated
signal-to-background expectations at the rate of approx-
imately 3-to-1. With larger detector volumes and advanced
detection techniques, increased signal-to-background ratios
are likely.

Statistical uncertainty benchmarks: nominally, a 5%
statistical uncertainty is achieved with O(600) signal
events, a factor of 10-50 larger exposure than what the
three experiments have collected to date. In Fig. 3, we
demonstrate how an increase in exposure translates into the
required statistics-only uncertainty to test Point A (solid
lines) and Point B (dashed) relative to what each of the three
analyses has observed to date—the left panel corresponds to
XENONNT, the middle PandaX-4T, and the right LZ. In
each case, we allow for the signal-to-background ratio to
vary as well—zero-background estimates are shown in
black, and signal-to-background ratios of 1 (equal signal
and background) and 2 (two signal events for each back-
ground) are shown in blue and orange, respectively. For the
more reasonably accessible Point A, we see that, regardless
of the signal-to-background ratio, these experiments can
achieve sufficient statistics in factors of ~10-30 increases of
exposure—this corresponds to O(50) ton-yrs of exposure,
certainly within the realm of possibility with current and
next-generation facilities.

Accessing the more exciting Point B (with substantially
smaller sterile-neutrino mixing angles) will be a more

substantial challenge. However, this seems possible with
approximately a factor of 100 more exposure, or approx-
imately several hundred ton-yrs of exposure total. While
such an exposure would be outside the realm of possibility
with current detectors (it would require many years of data
collection), the proposed XZLD [34] and PandaX-xT [35]
collaborations aim to construct 60 ton and 43 ton fiducial-
mass detectors, respectively, in the next generation. Such
facilities can amass the required statistics to target this
exciting parameter space. We note that, while a signal-to-
background ratio of 2 is currently high from the perspective
of XENONnT and PandaX-4T’s US2 analyses, LZ
has already achieved a signal-to-background ratio of
approximately 3. Improvements to background rejection
techniques, as well as larger detector volumes (which can
reduce neutron-related signatures relative to signal rates),
should allow such ratios to continue improving with time.

Systematic uncertainty benchmarks: previously, we
demonstrated that Point A and Point B, two interesting
points in parameter space, corresponded to oscillation
probabilities P(v, — v,) of approximately 5% and 3%,
respectively. Achieving sensitivity to these points in
parameter space required sufficient statistics (including
low enough background rates) for detection, as well as
reduction of systematic uncertainties to at least this level.
In Fig. 4, we show the oscillation probability P(v, — v;)
for a wider range of |U 4|* and |U 4|?, with Points A and B
labeled accordingly. The various colors indicate different
values of P(v, — v,), and different white lines indicate
isocontours of P(v, — v;) =0.1 (dot-dashed), 0.05
(solid), and 0.03 (dashed). We can, therefore, expect that,
given a particular experimental exposure (as well as
assumptions regarding signal and background rates) and
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FIG. 4. The oscillation probability for solar v, into sterile
neutrinos v, as a function of |U 4 [* vs |U4|* (with |U 4> = 0)—
black regions corresponding to smaller probabilities (i.e., closer
to the standard three-flavor oscillation scenario), and orange
corresponding to larger ones. Isocontours of P(v, — v ) are
indicated as white lines for 3% (dashed), 5% (solid), and 10%
(dot-dashed) probabilities—benchmark parameter points “A” and
“B,” discussed throughout the text, are shown for comparison.
The top-right portion of the parameter space (in gray) is
unphysical, as |U4[* + |U,4|* > 1 here. The oscillation proba-
bility sets a systematic uncertainty goal for a future experiment.

a particular level of systematic uncertainty, experimental
sensitivity will lie along one such contour in this space. For
instance, if 3% systematic uncertainties are attained (and
this is the limiting factor—statistical uncertainties are
smaller than this), then we expect an experiment to achieve
sensitivity at Point B and everywhere along the dashed
white line.

We perform a projection for future sensitivity by
enhanced exposures of each of XENONnT, PandaX-4T,
and LZ, each rescaled by a factor of 100,4 and derive
90% CL sensitivity under two assumptions: one in which
the background systematic uncertainty is controlled at the
20% level, and one in which it can be decreased to the 3%
level. The results of this are shown in Fig. 5 for XENONnT
(orange), PandaX-4T (blue), and LZ (green), as a function
of |U,4l?* and |U,l?, all with |U,|* fixed to zero. We
assume that there is negligible signal normalization uncer-
tainty present, and that a signal-to-background ratio of 2 is
achievable for all analyses. Unsurprisingly, our future
PandaX projection offers the strongest sensitivity. This
is expected due to the current high ®B-rate expectation

*As discussed above, we do not intend to imply that such
exposures are achievable with current facilities, but are moti-
vated instead by future experiments such as XZLD [34] and
PandaX-xT [35].

1.0 —_—
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— Obkg = 20% XENONnT
0.8F=" obkg. = 3% Lz
2 PandaX
|Ues|” =0

0.6

|UT4|2

04— == - N

-

-
-
- -
-

- -
— -
- -

——

FIG. 5. Potential sensitivity to |U,l* vs [Uuy|* (with
|U.4> = 0) for increased exposures of XENONnT (orange),
LZ (green), and PandaX (blue), assuming a factor of 100 larger
exposure. All projections assume a signal-to-background ratio of
2, and solid (dashed) lines correspond to background systematics
constrained to the 20% (3%) level. The gray, labeled regions
correspond to constraints from solar experiments only or from all
muon-neutrino disappearance, from Ref. [28].

(43 events) relative to the expectations from XENONnT
(10.7) and LZ (20.6). This is partially because we have
projected forward PandaX’s US2-only analysis. If instead
we projected forward its S1/S2 paired analysis, it would be
weaker than both LZ and XENONnT. We also directly
compare against existing experimental constraints, singling
out specifically constraints that come from solar-neutrino
experiments (light gray)—driven largely by Super-
Kamiokande [36-38], SNO [39-41], and Borexino
[42,43]—as well as a global combination of v,/7, dis-
appearance experiments [28].

Concretely, we see that with 3% background uncertain-
ties, O(500) ton-yr exposures, and signal-to-background
ratios of 2 or higher, direct-detection facilities may exploit
CEvNS to explore new sterile-neutrino parameter space,
even space not accessed by high-intensity v,-beam-based
measurements.

V. DISCUSSION AND CONCLUSIONS

Solar 8B CEvNS has now been detected by three dark
matter experiments: PandaX-4T, XENONnT, and LZ. This
is an exciting detection that represents the first identifica-
tion of CEvNS from an astrophysical source, opening a new
avenue for study of neutrino physics in dark matter
detectors. Each of these measurements are broadly con-
sistent with one another, with uncertainties on the measured
fluxes that are comparable across the experiments. Current
analyses are limited by O(10%) total-rate systematics in
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PandaX-4T (US2 16%, paired ~20%) and XENONnT
(12%), and by a larger uncertainty on the B signal
normalization in LZ (contributing to a ~27-37% total).

We have examined how these measurements and future
such measurements can probe mixing of a light sterile state
with the muon and tau flavors. In this scenario we have
shown that the primary observable for B solar neutrinos is
an overall rate normalization governed by 1 — P(v, — vy).
There are two important motivations for the sterile analysis.
First, because P(v, — v,) cannot probe |U,4|* or |U|*
when |U,4|* — 0, CELNS offers a unique neutral-current
handle on active-to-sterile conversion that is directly sensi-
tive to muon and tau admixtures through P(v, — vy).
Second, the interpretation of any departure from the
standard expectation is impacted by uncertainties in the
standard oscillation parameters, especially 6,3 and Jcp.
Improved external constraints on these parameters, for
example from DUNE and/or T2HK, will shrink these
predicted bands and improve inferences from solar
CEvNS-based experiments.

Since the main ®B-driven observable is a rate normali-
zation, sensitivity is limited by systematic uncertainties. We
have examined these systematics in detail and find that
reaching competitiveness with existing sterile searches
requires total systematics at the few-percent level and
exposures of (O(10°-10%) ton-yrs with signal-to-back-
ground ratio ~1-2. Assuming background systematics at
the ~3% level and signal-to-background =2, we find that
exposures of ~500 ton-yrs can begin to probe sterile-mixing
parameter space not accessible to current solar or even v, /1,
disappearance data. Next-generation programs approaching
~3000 ton-yrs could provide complementary coverage of
|U,i4|* — |U|* space. Achieving this potential will require
improvements in background modeling and rejection, cal-
ibration of detector response and signal normalization, and
the incorporation of updated three-flavor constraints to limit
theoretical uncertainties in P(v, — vy).

More generally, our analysis emphasizes that solar
CEvNS provides a uniquely clean window on the low-
energy muon and tau components of the ®B flux. At the
relevant MeV energies, charged-current production of
muons and taus is kinematically forbidden, so conventional
solar measurements predominantly access v, (via CC) or
are only weakly sensitive to v, . (via electron scattering
with reduced cross sections), whereas CEvNS is a neutral-
current process that is nearly flavor blind and coherently
enhanced, rendering the measured rate directly proportional
to the total active flux. Future experiments, as we have
discussed, are the only viable methods to study differences
between the mu and tau neutrino fluxes at these energies,
and are complementary to more traditional measurements
of these fluxes from higher energy sources.

While the focus of our analysis has been on identification
of sterile neutrinos with CEvNS, in the future it will also be
possible to combine with electron scattering data to search
for sterile neutrinos from the Sun through the neutrino-
electron elastic scattering channel. Indeed, previous pro-
jections have shown strong sensitivity to |U,|?> via this
channel, driven by the substantial event rate [5,44]. Since
this involves electron detection, backgrounds will be
different from those considered in this paper, though ideally
such a signal could be combined with the CEvNS channel
for optimal sensitivity.
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