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The DARWIN collaboration recently argued that DARWIN (dark matter wimp search with liquid xenon)
can collect, via neutrino-electron scattering, a large, useful sample of solar p p-neutrinos, and measure their
survival probability with subpercent precision. We explore the physics potential of such a sample in more
detail. We estimate that, with 300 ton-years of data, DARWIN can also measure, with the help of current
solar neutrino data, the value of sin’6,5, with the potential to exclude sin’6,; = O close to the three-sigma
level. We explore in some detail how well DARWIN can constrain the existence of a new neutrino mass-
eigenstate v, that is quasimass-degenerate with v4 and find that DARWIN’s sensitivity supersedes that of all
current and near-future searches for new, very light neutrinos. In particular, DARWIN can test the
hypothesis that v; is a pseudo-Dirac fermion as long as the induced mass-squared difference is larger than
10713 eV?, one order of magnitude more sensitive than existing constraints. Throughout, we allowed for

1,4,5,7

the hypotheses that DARWIN is filled with natural xenon or '**Xe-depleted xenon.

DOI: 10.1103/PhysRevD.106.096017

I. INTRODUCTION

Multiton-scale, next-generation dark matter experiments
are expected to collect significant statistics of atmospheric
and solar neutrinos. The DARWIN collaboration recently
argued that DARWIN (dark matter wimp search with liquid
xenon) can collect a large, useful sample of solar pp-
neutrinos, measured via elastic neutrino—electron scattering
[1]. There, they argued that the survival probability of
pp-neutrinos can be measured with subpercent precision
and that one can measure the Weinberg angle at low
momentum transfers with 10% precision, independent from
the values of the neutrino oscillation parameters. Here, we
explore other neutrino-physics-related information one can
obtain from a high-statistics, high-precision measurement
of the pp-neutrino flux.
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In a nutshell, p p-neutrinos are produced in the solar core
via proton-proton fusion: p + p — ?H + et + v. The vast
majority of neutrinos produced by the fusion cycle that
powers our Sun are produced via proton-proton fusion. p p-
neutrinos have the lowest energy among all solar neutrino
“types” (other types include pep-neutrinos, "Be-neutrinos,
8B-neutrinos, and CNO-neutrinos) and are characterized
by a continuous spectrum that peaks around 300 keV and
terminates around 420 keV. Theoretically, the p p-neutrino
flux is known at better than the percent level [2] given
they are created early in the p p-fusion cycle—they are the
first link in the chain—and their flux is highly correlated
with the photon flux, measured with exquisite precision.
For the sake of comparison, the flux of ‘Be-neutrinos and
8B-neutrinos, which provide virtually all information on the
particle-physics properties of solar neutrinos, can be
computed at, approximately, the 6% and 12% level,
respectively [3,4]. The pp-neutrino flux has been directly
measured, independent from the other flux-types, by the
Borexino collaboration [5], with 10% precision.

A percent-level measurement of the p p-neutrino flux is
expected to be sensitive to new-physics effects in neutrino
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physics that are also at the percent level. This includes, for
example, effects from the so-called reactor angle 8,;—not
new physics but very small for solar neutrinos—and the
presence of new neutrino states or neutrino interactions.
Furthermore, the fact that p p-neutrinos have energies that
are significantly lower than those of the other solar neutrino
types renders them especially well-suited to constrain (or
discover) new, very long oscillation lengths associate to
very small new neutrino mass-squared differences. These
searches are expected to add significantly to our ability to
test the hypothesis that the neutrinos are pseudo-Dirac
fermions [6-8] (for relevant recent discussions, see, for
example, [9—12]). Here, as far as new-physics hypotheses
are concerned, we concentrate on the search for new, very
light neutrino states.

In Sec. II, we review the relevant features of the proposed
DARWIN experiment and provide information on how we
simulate and analyze DARWIN data on pp-neutrinos. In
Sec. III, we show that a percent-level measurement of the
p p-neutrino flux allows for a “solar-neutrinos-only” meas-
urement of sin #,5. In Sec. IV, we compute the sensitivity
of DARWIN to the hypothesis that there is a fourth neutrino
with a mass my that is quasidegenerate with the mass of the
first neutrino state, m; (in the Appendix, we discuss how
this can be generalized). We concentrate on the region of
parameter space where the new mass-squared difference
is 10713 eV? < |mj — m?}| < 107° eV2. We add some con-
cluding remarks in Sec. V.

II. DARWIN AS A LOW-ENERGY SOLAR
NEUTRINO EXPERIMENT

DARWIN is projected to be a large—30 tons fiducial
volume—Iliquid xenon time-projection chamber, aimed at
searching for weakly interacting massive particles (WIMP)
in the GeV to TeV mass range [13] via elastic WIMP—
nucleon scattering. It will inevitably be exposed to a large
flux of solar and atmospheric neutrinos and is large enough
that solar-neutrino scattering events will occur at an
observable rate.

According to [1], DARWIN is expected to collect a
sample of almost ten thousand pp-neutrinos per year via
elastic neutrino—electron scattering:

Vot+e >y, +e, (2.1)

where a = e, p, 7 is the flavor of the incoming neutrino.
The flavor of the outgoing neutrinos is, of course, never
observed. For pp-neutrino energies, the cross section for
v.e-scattering is around six times larger than that of
vqe-scattering, a = 7, u and the differences between the
cross sections for v e-scattering and v e-scattering are
negligible. At leading order in the weak interactions, the
differential cross section in the rest frame of the electron is

do _ 3
— Wy t+e =y, +e)

dr
2Gim, [ , T\? T

= e PA1-—) —aub,— 2.2

{aﬁ a\1=g ) ~abag | (22)

where T is the kinetic energy of the recoil electron, E, is
the incoming neutrino energy, m, is the electron mass
and Gp is the Fermi constant. The dimensionless couplings
a,, b, are

1 . .
a,==5- sin’6yy, b, = —sin*Oy;

1
a,= 5= sin’0y, b, = —sin’0y,, (2.3)

where 6y, is the weak mixing angle. DARWIN measures
the kinetic energy spectrum of the recoil electrons.

If filled with natural xenon, one expects a large number
of electron-events in the energy range of interest from the
double-beta decays of '3°Xe. These events are a powerful
source of background for solar-neutrino studies and,
according to [1], obviate the study of solar neutrinos with
energies higher than 1 MeV. They are a powerful nuisance
for measurements of the "Be-neutrino flux and have a
significant but not decisive impact on the measurement of
the pp-neutrinos (around a 30% decrease in the precision
with which the overall p p-neutrino flux can be measured
[1]). The reason one can measure the pp-neutrino flux in
spite of the '*°Xe background is that the shape of this
particular background is well known and the experiment
can detect events over a large range of recoil-electron
energies, effectively measuring it with excellent precision.
There is the possibility of filling DARWIN with liquid
xenon depleted of the double-beta-decaying '*%Xe isotope.
This would allow the study of higher energy solar neu-
trinos. Here we consider these two different scenarios, i.e.,
the '36Xe-depleted version of DARWIN and the one where
the abundance of '3°Xe agrees with natural expectations.

Other than the background from '3Xe, for p p-neutrinos,
the double electron capture decay of '**Xe leads to three
narrow peaks at 64.3 keV, 36.7 keV and 9.8 keV [1] and, at
higher recoil energies, radioactive backgrounds from the
detector components and the liquid volume supersede
the pp-neutrino events for recoil kinetic energies above
200 keV or so. When simulating DARWIN data, we restrict
our sample to events with recoil kinetic energies below
220 keV and assume that, in this energy range, the only
sources of background are those from 36Xe and '?*Xe. To
simulate the background, we have used the information
provided in [1]

When analyzing the simulated data, we marginalize over
the normalization of the three 2*Xe lines, which we treat as
free parameters, and the normalization of the '**Xe recoil
spectrum, which we assume is independently measured
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with 6135 = 0.1% precision. The detection of '3*Xe by
DARWIN extends to the MeV region, and its measurement
at higher energies than the pp-neutrino flux will allow a
sub-percent determination its normalization. We assume
the shape of the !'*%Xe recoil spectrum is known with
infinite precision. For the !’Xe-depleted version of
DARWIN, we assume the '*%Xe-background is 1% of
|

2

<(1 + fpp)EPP(O) + (N1pg — 1)1**Xe 4 (Nj36 — 1)Xe — Epp<0b0h)>2

the background presented in [1]. We organize the simulated
data into recoil-kinetic-energy bins with 10 keV width,
consistent with the recoil-kinetic-energy resolution quoted
in [1], starting at 1 keV. The large number of p p-neutrinos
expected in DARWIN permits the use of a Gaussian y* in
order to address questions associated to the sensitivity of
DARWIN to different oscillation hypothesis (O),

)(_

where EPP(O) corresponds to the expected number of
events under the neutrino-oscillation hypothesis “O”. In the
benchmark scenario “(”¢"”, the event distribution repro-
duces [1]. The knowledge over the normalization of '3¢Xe
is introduced into the y?-test by a Gaussian prior. f pp and
opp = 0.6% indicate the pull parameter and normalization
systematic uncertainty related the pp-neutrino flux, re-
spectively. When applicable, we also use external priors on
the known oscillation parameters, which have already been
measured with known precision.

III. TESTING THE THREE-MASSIVE-NEUTRINOS
PARADIGM

In the absence of more new physics, existing data
reveals that the neutrino weak-interaction-eigenstates
Uy, @ = e, }, T, are linear combinations of the neutrino
mass-eigenstates v; with mass m;, i = 1, 2, 3:

Vo = Uy, (31)

where the U,;, a = e, u, 7, i = 1, 2, 3, define the elements
of a unitary matrix. Here, we are only interested in solar
neutrinos so all accessible observables are sensitive to
|U,; 2 j=1,2,3. These, in turn, are parameterized with
two mixing angles, 8, and 3. Following the parametri-
zation of the Particle Data Group [14],

|Ue3|2 = sin2913,

|U,5|* = sin?6,,c08%6)5, (3.2)

and unitarity uniquely determines the third matrix-element-
squared: |U,;|* =1 —|U,|* = |U,;)*. Combined fits to
the existing data reveal that the two independent mass-
squared differences are Am3; = m3 —m? ~107* eV? and
|Am3,| = m3 —m? ~ 10~% eV2. For more precise values
see, for example, [15].1 While Am%1 is defined to be
positive, the sign of Am3, is still unknown; for our purposes
here, it turns out, this is irrelevant. The two mixing
parameters of interest have been measured quite precisely.
According to [15], at the one-sigma level,

'See also http://www.nu-fit.org.

Epp(obch) + 124Xe + ]36Xe

() + () e

sin®0;, = 0.3047 0013,

sin®@3 = 0.02221 1055068 (3.3)
The experiments that contribute most to these two mea-
surements are qualitatively different. 6, is best constrained
by solar neutrino experiments—and is often referred to as
the “solar angle”—while ;5 is best constrained by reactor
antineutrino experiments—and is often referred to as the
“reactor angle.”

We are interested in the solar p p-neutrinos. These have a
continuous energy spectrum that peaks around 300 keV
and terminates at around 420 keV. The matter-potential
V = v2GrN,, where Gy is the Fermi constant and N, is
the electron number-density, inside the Sun is Vg < 2 X
10~° (eV?/MeV) so, for neutrino energies E <0.420MeV,
|Am3,|/(2E), |Am3,|/(2E) > V.” This, in turn, implies
that, given what is known about the neutrino mass-squared
differences, matter effects can be neglected. Including the
fact that, for all practical purposes, solar neutrinos lose
flavor coherence as they find their way from the Sun to the
Earth, it is trivial to show that the v, survival probability is
energy independent and given by

P, = |Uel |4 + |Ue2|4 + |Ue3|4' (34)
On the other hand, solar neutrino experiments cannot
distinguish v, from v,—the neutrino energies are too
small—but are potentially sensitive to the combination
P,, =P, + P,.. In the three-massive-neutrinos paradigm

P,,=1-P,,. (3.5)

Given our current knowledge of mixing parameters, for
pp-neutrinos, we can indirectly infer that P,, = 0.552 +
0.025, naively combining the uncertainties in Eq. (3.3) in
quadrature.

According to [l], after 20 ton-years of exposure,
DARWIN can measure P,, with better than 1% accuracy.

For example, at the center of the Sun, for neutrino energies
less than 420 keV, the “matter equivalent” of sin>26),, differs from
its vacuum counterpart by less than one percent.
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Right: One-, two- and three-sigma allowed regions of the sin” 6, x sin® @5 parameter space assuming DARWIN can measure

P,. = 0.552 at the one percent level, excluding and including (inset figure) external constraints on the neutrino-mixing parameters from
other solar experiments. The tiny empty ellipse in the panel indicates the best-fit point. The open regions bound by dashed lines (left-
hand panel) represent one-, two- and three-sigma results from current ®B neutrino experiments, as discussed in the text. Left: Solar-only

2

x* as a function of sin® 6,5, marginalized over sin” 6,,, assuming 300-ton-years of simulated DARWIN data. The full line corresponds to

the assumption of a depleted background, while the dashed line is obtained including the expected natural '**Xe background.

Assuming the three-massive-neutrinos paradigm, this can
be converted into a measurement of the relevant mixing
parameters. Figure 1 (left) depicts the allowed region of the
sin® @, x sin? @;; parameter space assuming DARWIN
can measure P,, for pp-neutrinos at the 1% level, and
assuming the best-fit value is P,, = 0.552. There is very
strong degeneracy between different values of sin” @, and
sin® @5, for obvious reasons. The degeneracies can be lifted
by including constraints from other neutrino experiments.

It is interesting to investigate how well one can constrain
neutrino-mixing parameters using only solar-neutrino data.
In order to estimate that, we add to the hypothetical pp-
neutrino measurement from DARWIN current information
from ®B neutrinos, mostly from the Super-Kamiokande
and SNO experiments, see [16,17] and references therein.
These provide the strongest constraints on sin” 6,,. Here,
we address this in a simplified but accurate way [18],
postulating that 8B experiments measure

(1 - |Ue3|2)[0'9|U22|2
+0'1|Uel|2] + |Ue3|4’

(Pee ) 8B,average —
(3.6)

with 4% accuracy, consistent with the current uncertainty
on sin?#;,, mostly constrained by high-energy solar
neutrino data. (1—|U,/?*) x0.9 (or (1—|U/?) x0.1)
is the average probability that a ®B neutrino arrives at
the surface of the Earth as a v, (or a v;). When the ®B data
are treated as outlined above, they translate into the open

regions bound by dot-dashed lines in Fig. 1 (left). Strong
matter effects lead to the boomerang-shaped allowed region
of the parameter space and restrict the parameter space to
values of sin?@;, <0.5. The results of the joint pp—B
analysis are depicted in Fig. 1 (inset figure). All degener-
acies present in the pp-neutrino data are lifted and one is
constrained to small values of sin? 6,5 and sin?4,;, < 0.5.

The combined 3B and DARWIN data can rule out
sin? @3 = 0 with some precision. This is important; it
implies that a hypothetical DARWIN measurement of the
pp-neutrino flux, combined with the current ®B solar
neutrino data, can measure sin” ;5 in a way that is inde-
pendent from all nonsolar measurements. The marginalized
x? as a function of sin® @5 is depicted in Fig. 1 (right), for
300 ton-years of simulated DARWIN data and the current *B
solar neutrino data. On average, if the p p-neutrino flux can
be measured at the percent level, we expect to measure
sin® @5 at the 35% level and rule out sin” 8,5 = 0 at almost
the three-sigma level. Here we consider the two scenarios
outlined earlier, one with natural xenon (dashed line), the
other with '3¢Xe-depleted xenon (solid line).

The precision on sin” 8,5 obtained above is not compa-
rable to that of the current measurement of sin®#,;,
Eq. (3.3). However, these measurements are qualitatively
different. The most precise measurements of sin® 6,3 come
from reactor antineutrino experiments and a baseline of
order 1 km [19-21]. The estimate discussed above is a
“solar only” measurement, i.e., it exclusively makes use of
measurements of neutrinos (and not antineutrinos) produced
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in the Sun. Current measurements of sin” ;5 that make use
of neutrinos (as opposed to antineutrinos), from T2K and
NOVA, are much less precise (at the 50%, see [22,23]).
Looking further into the future, the DUNE experiment, for
example, is expected to independently measure the “neu-
trino-only” value of sin® 6,5 at the 20% level [24] (or worse,
depending on the assumptions made in the analysis).

IV. BEYOND THE THREE-MASSIVE-NEUTRINOS
PARADIGM

The fact that the p p-neutrino flux can be computed with
great precision, combined with the sub-MeV p p-neutrino
energies, allows a high-statistics measurement of the pp-
neutrino flux to meaningfully search for phenomena beyond
the three-massive-neutrinos paradigm. Here we concentrate
on testing the hypothesis that the neutrinos produced in the
Sun have a nonzero probability of behaving as ‘“sterile
neutrinos” v, characterized by their lack of participation
in charged-current and neutral-current weak interactions.

We first discuss, in Sec. IVA, the case where the
oscillation probabilities are energy-independent for the
energies of interest, as in the case of the three-massive-
neutrinos paradigm discussed in Sec. II. In particular, we
test the hypothesis that P,, + P,, = 1 for pp-neutrinos.
Then, in Sec. IV B, we compute DARWIN’s ability to
constrain the hypothesis that there is a fourth neutrino v,
and that its mass is quasidegenerate with m;.

A. Model-independent considerations

As discussed in Sec. I, we are interested in the shape
and normalization of the electron recoil-energy spectrum
from neutrino—electron elastic scattering. The differential
cross-section for v, and v, scattering are different, both in
normalization and shape and hence, in principle, one can
obtain independent information on both P,, and P,,,.

We simulate and analyze 300 ton-years of DARWIN
pp-data, as discussed in Sec. I, and attempt to measure P,,
and P,, independently. To illustrate the dependence of the
electron recoil spectrum on these probabilities, we present
in Fig. 2 the event rate for (P,,P,,) = (0.55,0.45)
(purple), (0.45,0.8) (dashed cyan), and (0.62,0.10) (dotted
orange), together with the '**Xe background lines (gray
lines), “natural” 36Xe background (gold) and “depleted”
136Xe background (gold dashed). The crucial characteristic
that allows for the independent determination of P,, and
P,, corresponds to the different behavior of cross sections
for v, and v, scattering with electrons, which lead to
distinct recoil spectra, specially at low energies. In the
case where P,, > P,,, without assuming P,, + P,, =1,
the contribution of the nonelectron neutrinos to the final
spectrum is important, leading to a significant modification
at low recoil energies with respect to the standard case. On
the contrary, when P,, < P,,, the event rate is closer to the
standard one at low energies, but differs more significantly

3.50

= Pee=0.55, Pea=0.45
== Pue=0.45, Peya=0.80
3.00 =" Pee=0.62, Pey=0.10
124y,
natural 13%Xe

2.50

depleted '3Xe

2.00

==d
I

1.50|||||||||||||||||||||||

Event Rate [counts /(ton-year -keV)]

0 20 40 60 80 100 120
Energy [keV]

FIG. 2. Electron recoil spectrum for three different cases of
(Pee, Poy) = (0.55,0.45) (purple), (0.45,0.8) (dashed cyan), and
(0.62,0.10) (dotted orange). We also present the backgrounds
considered in our analysis, '**Xe background lines (gray),
“natural” '3%Xe background (gold) and “depleted” 3°Xe back-
ground (gold dashed).

at larger recoil energies. Thus, we observe that a detailed
analysis of the recoil spectrum could demonstrate the
departure from the standard oscillation scenario.

The results of our analysis are depicted in Fig. 3 (left) for
both the natural xenon (dashed) and the !36Xe-depleted
(solid) hypotheses. Strong departures from P,, + P,, = 1
are allowed and the “natural” data are not capable of ruling
out P,, =0 at the three-sigma confidence level. The
“depleted” data can rule out P,, =0 at the five-sigma
confidence level. For both scenarios, one can constrain
the departure of P,, + P,, from one, which we interpret
as the oscillation probability into sterile neutrinos P,; =
1-P,, — P,,. The colorful diagonal lines in Fig. 3 (left)
correspond to different constant values of P,,. Figure 3
(right) depicts y? as a function of P,,, marginalized over
P,, and restricting P,; to non-negative values for both
scenarios. If DARWIN data are consistent with the three-
active-neutrinos paradigm, they will be capable of con-
straining P, < 0.35 at the two-sigma confidence level
even if DARWIN is filled with natural xenon.

B. Fourth-neutrino hypothesis

We explore in more detail the scenario where there is one
extra neutrino mass-eigenstate v, with mass my. In this
case, the interaction eigenstates are, including v, related to
the four mass-eigenstates via a 4 x 4 unitary matrix U,
a=e, u, 7,5 i=1,2, 3, 4 We will concentrate on the
scenario where, among the four Ug;, only Uy, and Uy are
potentially nonzero.” In this case, we can parameterize the

It is easy to generalize this analysis assuming that only one of
the Uy;, j = 1,2, 3, and Uy are potentially nonzero. We spell this
out in the Appendix.
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Left: One- and three-sigma allowed region of the P,, x P,,-plane, for 300 ton-years of simulated DARWIN data. The diagonal

lines correspond to constant P,; = 1 — P,, — P,, values. The burgundy line segment with positive slope corresponds to the values of
(Poe, P,y) = (0.55 — 0.23sin%26,4, 0.45 — 0.11sin?26, ;) obtained by varying sin® 20, € [0, 1], cf. Egs. (4.9). Right: Marginalized y* as
a function of P,. The full line correspond to the assumption of a depleted background, while the dashed line is obtained considering no

cuts in the '3%Xe background.

|U,;|* entries of the mixing matrix using three mixing
angles 6,,, 0,5, 014. Eqgs. (3.2) are still valid, along with

|U,1|* = cos?0,,c08%03c08%0 4,

|U,4|* = c0s?0,,c08%0,35in0) 4. (4.1)
It is easy to check that > % |U,|*> = 1. The nonzero
“sterile” entries of the mixing matrix are
(Ui |? = sin®6,4, |Uul? = o0y, (4.2)
Given the quasi-two-flavors nature of these solar neutrino
oscillations, to be discussed momentarily, the entire physical
parameter space is spanned by either fixing Am3, > 0 and
allowing sin? @, € [0, 1] or allowing both signs for Am3,
and restricting sin® 0,4 € [0,0.5] in such a way that v, is
always “mostly sterile.” Here, the former convention—to fix
the sign of Amj, > 0—is most convenient. With this
choice, when sin?0,, € [0,0.5], the heaviest of the two
quasidegenerate states (i.e., v4) is mostly sterile, when
sin? 04 € [0.5, 1], the lightest among the two quasidegen-
erate states (i.e., v1) is mostly sterile. For historical reasons,
we will refer to sin?0;, € [0,0.5] as the light side of the
parameter space and sin’6,, € [0.5, 1] as the dark side [25].
Before proceeding, we want to highlight that while the
scenario we are considering here is a subset of the most
general three-active-one-sterile neutrino scenario, it can be

realized in concrete models. For example, we can add to the
standard model particle content a sterile fermion v, with
mass m along with a new “neutrino-portal” interaction
between v, and v,, where v, (a for active) is one of the
eigenstates, with eigenvalue m;,, of the active neutrino
mass matrix. Including the new interaction (proportional to
some mass parameter m,,), the eigenstates of the 4 x 4
neutrino mass matrix are the ones described above. In this
case, m,, my, 6, are functions of m,,, mg, my;,. A natural
realization of this scenario is the one that leads to so-called
pseudo-Dirac neutrinos (see, for example, [9,10] for more
details), where m,, m; < my;,. In this case, we expect
914 NJT/4 and my ~ ny.

We are interested in the hypothesis that Amj; < Am3,
and outside the reach of all current neutrino experiments.
In this case, the current neutrino oscillation data constrain
the oscillation parameters Am3,, Am3,, sin’6,, and
sin® 6,5 exactly as in the three-massive-neutrinos paradigm.
Furthermore, building on the discussion in Sec. III, it is
easy to conclude that the oscillation probabilities of interest
P,,, a = e, a, s, are only functions of sin’@,,, sin’6,s,
sin?6),4, and Am3,. Further taking advantage of the fact that
|Am3,|/(2E),|Am3,|/(2E) > V, it is straightforward to
compute

Pee = |Ue2|4+ ‘Ue3|4 + (1 - |U62|2

—|Us2)2PE (Am2,, sin?0,,, V), (4.3)
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Poy =(1 = |[Un? = [Us)(1 = PE(Am],;, sin6;y, V),
(4.4)

Peazl_Pee_Pes’ (45)

where P2/ is the survival probability obtained in the scenario

where there are only two flavors, vgf “and y?f , characterized
by the mass-squared difference Am3, and the mixing angle
014, defined via v = cos 1411 + sinOy41,. Inside P,
the matter potential is replaced by an effective matter
potential Ve, It takes into account the neutral-current
contribution to the matter potential Vyc = —v/2/2GgN,,
where N,, is the neutron number density in the medium,
while the charged-current contribution is rescaled by

(1= |Upa? = |Ucs]?) = cos? )3 cos® O,
1
yeff — \/EGF (NeCOSZHBCOSzHlQ - ENH)- (4.6)

In the sun, the position-dependency of the electron and
neutron number densities are slightly different [2].% In the
sun’s core, N, is around 50% of N, and V°' is slightly less
than one half of the standard matter potential.

Equation (4.3) allows us to estimate, in very general terms,

the impact of the sterile neutrinos. For Pg{ = 1, we recover
the three-active-neutrinos result, P,, = cos*@;,cos*;;+
sin*@,,c0s*@,5 + sin*0,5, Eq. (3.4). On the other hand, for
P2l =0, P,, = sin*0,,cos*6,5 + sin*@,; such that, given
the current knowledge of oscillation parameters,

P,, € [0.09,0.55]. (4.7)
P, values, on the other hand, are allowed to be as small as
zero and as large as 0.68.

In Sec. IVA, we discussed that, very generically,
DARWIN can rule out P,, < 0.35 at the two-sigma level.
The situation here is more constrained as P,,, P,,, P, are
not only required to add up to one but depend on the same
oscillation parameters. We proceed to discuss the sensi-
tivity of DARWIN to the new oscillation parameters Am7,,
sin’@,, by taking advantage of the fact that the properties of
P% are well known (see, for example, [26]).

1. Large Am3,: Matter effects are irrelevant

For large-enough values of Am3,, P is well approxi-
mated by averaged-out vacuum oscillations:

“There are relatively more neutrons in the center of the sun
relative to its edges. This is due to the fact that most of the solar
helium is concentrated in the core.

25

20

—
(&)
I

0 \YT\H' \\\\\H'
1073 1072 107! 10°

sin22914

FIG. 4. »* as a function of sin’>#,, for 300 ton-years of
simulated DARWIN data, in the regime when matter effects
are not significant and the new oscillatory effects driven by Am?,
average out. The full line corresponds to the assumption of a
depleted background, while the dashed line is obtained consid-
ering no cuts in the 3*Xe background.

1
P%‘ﬁ'ave =1 —Esin22914. (48)
This occurs, keeping in mind we are interested in energies

below 420 keV, for Am32, 2 1075 eV2, when the solar
matter effects can be ignored. In this case,

P,, = 0.55 — 0.23sin226,,,
P,, = 0.34sin220,,,

P,, = 0.45 —0.11sin%20,,. (4.9)
Here, it is impossible to distinguish the light from the dark
side of the parameter space since the oscillation proba-
bilities are invariant under sin’6,, <> 1 — sin’@,,. Varying
sin?260,4 € [0, 1], Eqgs. (4.9) define a line segment in the
P,, x P,,-plane, depicted in Fig. 3 (left)—burgundy line
with positive slope—keeping in mind the segment extends
to P,, values below 0.4. Figure 4 depicts > as a function
of sin’@,, in the regime where Egs. (4.9) are a good
approximation, for 300 ton-years of simulated DARWIN
data, for both the natural (dashed) and '3®Xe-depleted
(solid) scenarios. In this analysis, and in the upcoming
analyses discussed in this subsection, we assume that
sin” @5 and sin’>@,, are known with infinite precision.
This is, currently, a good approximation for sin” @3 and
will be a good approximation for sin” 6;, once data from
the JUNO experiment is analyzed [27]. Similar results were
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recently presented and discussed in [28]. Where are
assumptions agree, the estimated sensitivity also agrees.

2. Intermediate Am?,: Strong matter effects,
adiabatic regime

For intermediate values of Amﬁl, P% is well described
by the strong MSW effect in the adiabatic regime. In this
case, for a range of energies,

2f ,adiabati .
Pe]e‘,a iabatic __ S1I12014.

(4.10)
For p p-neutrinos, this occurs for, very roughly, sin® @, >
1073 and 107 < Am2,/(eV?) <1075, Under these con-
ditions,

P,, = 0.09 + 0.46sin%0, .
P, = 0.68 — 0.68sin%0,,,

P,, = 0.27 + 0.22sin%, 4. (4.11)
Here, oscillation probabilities are very different in the
light and dark sides. In particular, in the light side of the
parameter space P,, (P,;) is small (large) and increases
(decreases) linearly with sin?@,,. If DARWIN data are
consistent with three-active neutrinos, in this region of
parameter space, small values of sin? #;, will be excluded
while large values of sin” @, are allowed.

3. Small Am?,: Very strong matter effects,
nonadiabatic regime

For small-enough values of Amﬁl, P?{ is well described
by the strong MSW effect in the very nonadiabatic regime
and turns out to be well approximated by vacuum
oscillations,

Am? L
204y _ 6in220,,sin? <%> (4.12)

This occurs, for pp-neutrinos, for Am3, <107 eV2 In
this case,

Am2,L
P,, = 0.55 — 0.46sin%20, 4sin? | == )
AE
Am2,L
P, = 0.685in220,sin> [ =41~ )
AE

Am2 L
P,, =045 — 0.225in22914sin2< Z’g > (4.13)

Here, again, it is impossible to distinguish the light from the
dark side of the parameter space. Given the average Earth—
Sun distance L = 1.5 x 10'? m, the oscillation phase is

1074
107° »
10°6 K
0.7
3 107 oo
— 0.5
N
5 0 0-4
0.3
107° 0.2
0.1
10—10

1073 1072 107! 10°

sin2914

FIG. 5. Contours of constant P,, in the Am?“ x sin® @4-plane
for E =300 keV. sin’@,,, sin’@,; are fixed to their best-fit
values, Eq. (3.3). The vertical lines correspond to constant
values of the averaged-out vacuum oscillation probability
for P,, = 0.6, 0.7.

AmyL 43 Am3, 400 keV
4E T\10712 eV? E )

so we expect the vacuum oscillations to average out for
Am3, 2 107! eV2. This means that, for 107! < Am?,/

(4.14)

(eV?) <107, the oscillation probabilities are well
described by Eqgs. (4.9).

Figure 5 depicts contours of constant P,, in the
Am3, x sin? @ 4-plane for E, = 300 keV and allows one
to identify the different regimes discussed here. The other
parameters are fixed to their current best-fit values,
Eq. (3.3). We describe the assumed matter potential for
active and sterile neutrinos in Appendix B. Under these

circumstances, P?e can be computed exactly [29]. For
simplified pedagogical discussions see, for example,
[26,30]. We assume all solar neutrinos are produced in
the exact center of the Sun; we explicitly verified that the
results we get are very similar to the results we would have
obtained by integrating over the region where p p-neutrinos
are produced. The region where matter effects are strong
and the adiabatic condition holds correspond to the vertical
sides of the constant P,, regions that form quasitriangles.
The “return” to vacuum oscillations at low and high values
of Am2, is highlighted by the vertical, dark lines, which
correspond to constant values of the averaged-out vacuum
oscillation probability. For a detailed discussion of the
boundary between the adiabatic and nonadiabatic transi-
tion, including L dependent effects, see [31].

4. Sensitivity

We simulate 300 ton-years of DARWIN data consistent
with the three-massive-neutrinos paradigm and assuming
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FIG. 6. Two- and three-sigma sensitivity of 300 ton-years of
DARWIN data to a light sterile neutrino in the Am32; x tan 6,
plane. The dashed lines correspond to the assumption of a
depleted 136xe background, while the full lines are for the full
case. The parallel inner and outer contours correspond to different
assumptions about the precision with which the pp-flux is
known.The colored regions correspond to current limits from
Ga (blue), CI (green), SuperK (pink) and SNO (Yellow) experi-
ments. The regions separated by the gray dot-dashed lines
indicate approximately where some of the different regimes
discussed in the text apply: (I) strong adiabatic MSW regime;
(II) averaged-out vacuum oscillations; (III) long-wavelength
vacuum oscillations.

the true values of sin’>@,, and sin?6@,; are the ones in
Eq. (3.3). We restrict our discussion to values of
Am3, < 107% eV2. Larger values are constrained by mea-
surements of higher-energy solar neutrinos; these con-
straints have been explored in [32,33], along with a
detailed discussion of the oscillation probabilities. The
expressions we derive here are contained in the analyses
of [32,33] if one explores them in the appropriate regime.

Figure 6 depicts the region of the tan? @ x Am3,—plane
inside of which 300 ton-years of DARWIN data is
sensitive, at the 90% confidence level, to the fourth
neutrino for both the natural-xenon scenario (dashed line)
and the depleted-'3°Xe scenario (solid). We include the
current limits from Gallium (blue), Chlorine (green),
SuperK (pink), and SNO (yellow) experiments, taken from
[34]. We indicate with the gray dot-dashed horizontal lines
where some of the different oscillation regimes described
above approximately apply: (I) strong adiabatic MSW
regime; (II) averaged-out vacuum oscillations; (IIT) long-
wavelength vacuum oscillations. On a log-scale, the con-
tour is symmetric relative to tan”> @, = 1 when one cannot
distinguish the light from the dark side of the parameter

space [25], a feature one readily observes, as advertised,
for small values of Am?,. The impact of nontrivial matter
effects is also readily observable. For larger values of the
Am3,, the sensitivity to small mixing angles is expected to
“shut-off” quickly—see Fig. 5—and would return to values
similar to those around Am3, ~ 107! V2, minus the tiny
wiggles.

The sensitivity depicted in Fig. 6 includes the margin-
alization over the normalization of the backgrounds dis-
cussed in Sec. II. We also investigated the impact of the
current uncertainties in the standard v-mixing parameters
[15]. The most relevant for our analysis is sin” §;, and we
find that its uncertainty has a negligible impact in the
sensitivity to the sterile neutrinos. Throughout, we also
assumed that the pp-neutrino flux is known with infinite
precision. In order to investigate the impact of this
approximation, we also included a prior on the pp-flux,
along with a 0.6% normalization uncertainty. The impact is
depicted in Fig. 6. The “outside” sensitivity regions for
both natural or '3*Xe-depleted xenon correspond to infinite
precision on the normalization of the pp-flux while the
“inside” sensitivity regions correspond to the 0.6% uncer-
tainty. The impact of not predicting the pp-flux with
infinite precision is relatively small but observable.

5. Sensitivity to pseudo-Dirac neutrinos

The low energies of the pp-neutrinos combined with
the long Earth—Sun distance render DARWIN a specially
powerful probe of the hypothesis that neutrinos are pseudo-
Dirac fermions. This is the hypothesis that there are right-
handed neutrinos coupled to the left-handed lepton dou-
blets and the Higgs doublet via a tiny Yukawa coupling y
and that lepton number is only slightly violated. In these
scenarios, each of the neutrino mass eigenstates is “split”
into two quasidegenerate Majorana fermions, each a 50-50
mixture of an active neutrino (from the lepton doublet) and
a sterile neutrino (the right-handed neutrino). The mass
splitting is small enough that, for most applications, the two
quasidegenerate states act as one Dirac fermion. Pseudo-
Dirac neutrinos reveal themselves via active—sterile oscil-
lations associated with very large mixing and very small
mass-squared differences.

In the language introduced here, a pseudo-Dirac neutrino
corresponds to sin?26;, = 1 (maximal mixing) and the
small mass-squared difference leads to a nonzero Amj, =
4em; where m; £ € are the masses of the two quaside-
generate states (here v and v4), m; is the Dirac mass,
proportional to the neutrino Yukawa coupling, and ¢
characterizes the strength of the lepton-number violating
physics. Figure 7 depicts > as a function of Am3, for
sin? 20,4 = 1 associated with 300 ton-years of simulated
DARWIN data for both the natural xenon (dashed) and the
136Xe-depleted (solid) scenarios, assuming the data are
consistent with no new neutrino states. Current solar
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FIG. 7. Darwin sensitivity to the quadratic mass difference
AmfH in the case of maximal mixing, sin® ;4 = 0.5. The full line
correspond to the assumption of a depleted background, while
the dashed line is obtained considering no cuts in the '*Xe
background.

neutrino data exclude Am?, values larger than 107! eV?
[9,10] so DARWIN can extend the sensitivity to Am3,
(and hence, the new, lepton-number violating parameter )
by an order of magnitude.

V. CONCLUDING REMARKS

Next-generation WIMP-dark-matter-search experiments
will be exposed to a large-enough flux of solar neutrinos
that neutrino-mediated events are unavoidable. The
DARWIN collaboration recently argued that DARWIN
can collect a large, useful sample of solar pp-neutrinos,
detected via elastic neutrino—electron scattering [1], and
measure the survival probability of pp-neutrinos with
subpercent precision. Here we explored the physics poten-
tial of such a sample in more detail, addressing other
concrete neutrino-physics questions and exploring whether
one can also extract information from a precise measure-
ment of the shape of the differential p p-neutrino flux.

We estimate that, with 300 ton-years of data, DARWIN
can not only measure the survival probability of pp-
neutrinos with subpercent precision but also determine,
with the help of current solar neutrino data, the value of
sin® @5, with the potential to exclude sin’6,3 = 0 close to
the three sigma level. Such a pp-neutrino sample would
allow one to perform a “neutrinos-only” (and solar-
neutrinos-only) measurement of sin’@;; and sin’#@,,.
Such a measurement can be compared with, for example,
reactor-based “antineutrinos-only” measurements of the

same mixing parameters and allow for nontrivial tests of
the CPT-theorem and other new physics scenarios. In our
analysis, we include the two most important sources of
background as described by the DARWIN collaboration—
the 1?#Xe and '3°Xe backgrounds—and we have considered
a 0.6% normalization uncertainty on the prediction of the
pp flux.

DARWIN can also test the hypothesis that p p-neutrinos
are oscillating into a combination of active and sterile
neutrinos. We estimate that DARWIN data can exclude the
hypothesis that the pp-neutrinos are “disappearing” in an
energy independent way—assuming their data are consis-
tent with the three-active-neutrinos paradigm—especially
if the experiment manages to fill their detector with
136Xe-depleted xenon.

We explored in some detail how well DARWIN can
constrain the existence of a new neutrino mass-eigenstate
v4 (mass my) that is quasidegenerate and mixes with vy,
i.e., Amil < Am%l, USI’ Us4 ?é 0, US2 = Us3 =0. Our
estimated sensitivity is depicted in Fig. 6. It supersedes
that of all current and near-future searches for new, very
light neutrinos. In particular, DARWIN can test the
hypothesis that v; is a pseudo-Dirac fermion as long as
the induced mass-squared difference is larger than
10713 eV2. This is one order of magnitude more sensitive
than existing constraints [9,10].

Throughout, we allowed for the hypotheses that
DARWIN is filled with natural xenon or 36Xe-depleted
xenon. We find that while the sensitivity of the experiment
with natural xenon is outstanding, a '3Xe-depleted setup is
significantly more sensitive when it comes to the measure-
ments and searches discussed here. In our discussions, we
did not include time-dependent effects (the seasonal and
day-night effects). These can impact the sensitivity to new
neutrino states within a subset of the parameter space
explored here. They would not significantly modify the
results discussed here but provide extra handles on the
new physics.
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APPENDIX A: OTHER FOURTH-NEUTRINO
SCENARIOS

We restricted our fourth-neutrino analyses to one new
neutrino mass-eigenstate v, and allowed for only “1-4”
sterile mixing, i.e., Uy =sinfyy, Uy = cosfyy while
U,, = U =0. Here we discuss some simple generalizations.

The case of one new neutrino mass-eigenstate vs
that is quasidegenerate with v, and only “2-5" sterile
mixing would also be parametrized by a mass-squared
difference Amg2 (positive-definite), assumed to be much
smaller than Am3,, AmZ, and |AmZ;|, and one mixing
angle 6,5:

U2, = cos’0),c0s%0,3, U2, = sin*0,,c080,3c08%05s, U2, = sin0)3, U%, = sin®0),c0s%03sin%0,5,  (Al)
U =0, U2, = sin0ss, U3 =0, U% = cos0ss. (A2)

Similar to Eq. (4.3), and the equivalent expressions for P,, and P,, here
Poe = |Ue|* +|Ugsl* + (1 = U |* = |Ue3\2)2P§£(Am§2, sin’6ys, V59), (A3)
Peg =(1 = [Uet P = [UesP)(1 = PEL(Am,, sin?055, VST)), (A4)
P,=1-P,, —P,, (AS)

where PZ is the survival probability obtained in the scenario where there are only two flavors, v and 12/, characterized by

the mass-squared difference Am%2 and the mixing angle 6,5, defined via v = cos 6,515 + sin 6,505, Here, the effective
matter potential is

1
V;gf = \/EGF (Necoszﬁlgsinzﬁlz - ENH> . (A6)

On the other hand, the case of one new neutrino mass-eigenstate v that is quasidegenerate with v3 and only “3-6" sterile
mixing would also be parametrized by a mass-squared difference Am%3 (positive-definite), assumed to be much smaller than
Am3,, |Am2,| and |AmZ,|, and one mixing angle 6s4:

U2, = cos?0),c0s%0,3, U2, = sin’0),c08%0,3, U2, = sin’0),3c08% 03¢, U%, = sin®03sin’03¢, (A7)
U? =0, U3 =0, U%, = sin0s, U% = cos?0s. (A8)
Similar to Eq. (4.3), and the equivalent expressions for P,, and P,, here
Pee = Ual* +Ual* + (1= [UaP = [Unal?)* Pel (Anigy. sin’0s6., VEE). (A9)
Pos =(1 = U = |Un?)(1 - Pﬁ{(Amé3,sin2936, VE6)): (A10)
Py=1-P,, —P,, (A11)

where PZ is the survival probability obtained in the Qualitatively, the three scenarios—1-4, 2-5, 3—6—are

identical modulo relabelings of the mixing parameters.
Quantitatively, however, there are significant dif-
ferences. The coefficients of the Pg’; term in Egs. (4.3),
(A3), and (A9) are, respectively, (cos’d;,c0s’60;3)> ~ 0.5,
(sin?@),c08%03)? ~ 0.1, and (sin?@;3)? ~0.0005. These
numbers define the maximum deviation of P,, from
expectations from the three-massive-neutrinos paradigm,

scenario where there are only two flavors, vgf " and u%f ,
characterized by the mass-squared difference Am2, and the
mixing angle s, defined via v = cos O3¢5 + sin Os41.
Here, the effective matter potential is

i 1
Vel = V2Gy (Nesinze13 - EN,Z). (A12)
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P,. ~0.55. Hence, very generically, 1-4 effects can be very
strong, as discussed in the text, 2-5 effects are at most of
order 20%, and 3-6 effects are at the permille level. On the
other hand, the effective potentials are also quantitatively
very different. The charged-current contribution to VS
[Eq. (A6)] is suppressed relative to the neutral-current one
by a factor sin’6,,cos’@,3 ~0.3. Since N,/N, varies
between, roughly, 0.5 and less than 0.1 between the center
of the Sun and its edge, VS is significantly smaller than Vg,
almost vanishing at the Sun’s core, when the charged- and
neutral-current contributions, accidentally, almost cancel
out one another. V§f6f [Eq. (A12)], instead, is solidly domi-
nated by the neutral-current matter potential since the

|

charged-current contribution is suppressed by sin?8,;~0.02.
Not only is it smaller than V, it has the opposite sign, a fact
that qualitatively impact the behavior of P

The scenario where all neutrinos are pseudo-Dirac
fermions is equivalent to the combination of the 1-4,
2-5, and 3-6 scenarios spelled out above (see, for example,
[9]). Note that such a combination is straight forward; the
effects of the different contributions simply “add up”
without too much interference, as long as the new mass-
squared differences are “isolated enough,” i.e., the three
new mass-squared differences Amj,, Am2,, and AmZ, are
much smaller than all other mass-squared differences.
For example,

P,, = (c05201,c0520,3)2 P2} (Am3,, sin20y,, VET) + (sin26,,5in%6,3)2 P2l (Am2,sin%0,5, VST

+ (sin26,3)2 P (Am2,, sin®6s6, VEI),

where VI is given by Eq. (4.6).
APPENDIX B: SOLAR MATTER POTENTIAL
FOR ACTIVE AND STERILE NEUTRINOS

We assume the matter potential is spherically symmetric
and drops exponentially, Ve o e~"/"0. We fit information

100 _\\ N, = 232 N, Exp[-1/r§] cm™

T

g Ir

2

=

=
0.01f
10—4|...|...|...|...|...|

0.0 0.2 0.4 0.6 0.8 1.0
I'/R@

FIG. 8.

(A13)

|

from the prediction of the B16-GS98 solar model [4] and
obtain r§ = Ry/10.37 where Ry =6.96x 10" m is
the average radius of the Sun; see Fig. 8 for a com-
parison of the matter potential in the standard case (left) and
in the scenario of interest here (right, labeled sterile
neutrino).

Ny = 134 N, Exp[-1/r§] cm™3

100f*+

0.01}

[N, cos?6;, c0s?8;;3 — N,/2]/N4 [em™]

-4l s
10 0.0 0.2 0.4 0.6 0.8

r/R@

Solar matter potential for active (left) and sterile (right) neutrinos—the scenario of interest here—as function of the distance

from the center in units of the Solar radius, from the B16-GS98 Solar Model [4]. We also present our fitted exponential forms, where

ri = Ry/10.43, and r) = R,/10.37, in dashed lines.
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