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Fully understanding the average core-collapse supernova requires detecting the diffuse supernova
neutrino background (DSNB) in all flavors. While the DSNB 7, flux is near detection, and the DSNB v,
flux has a good upper limit and prospects for improvement, the DSNB v, (each of v, v, U, ;) flux has a
poor limit and heretofore had no clear path for improved sensitivity. We show that a succession of
xenon-based dark matter detectors—XENONIT (completed), XENONnT/LUX-ZEPLIN (running), and
DARWIN (proposed)—can dramatically improve sensitivity to DSNB v, the neutrino-nucleus coherent
scattering channel. XENONIT could match the present sensitivity of ~10* cm™2s~! per v, flavor,
XENONnT/LUX-ZEPLIN would have linear improvement of sensitivity with exposure, and a long run of
DARWIN could reach a flux sensitivity of ~10 cm™2 s~!. Together, these would also contribute to greatly
improve bounds on nonstandard scenarios. Ultimately, to reach the standard flux range of ~1 cm=2s~!,
even larger exposures will be needed, which we show may be possible with the series of proposed lead-

based RES-NOVA detectors.

DOI: 10.1103/PhysRevD.105.043008

I. INTRODUCTION

The most basic prediction about the neutrino emission
from core collapse supernovae is that there is always a huge
release of energy (approximately 2 x 10%° MeV), shared
comparably among all flavors. But this prediction is
untested. The answer is critical to our understanding of
core collapse, supernova nucleosynthesis, neutrino proper-
ties, and tests of new physics [1-30]. With SN 1987A, only
v, events were observed [31-33], due to the difficulties of
detecting the other flavors. While we now have a suite of
detectors capable of testing this most basic prediction
[34,35], for almost 35 years we have had no other nearby
core collapse. And, even when the next one occurs, and its
neutrino emission is measured precisely, we will still not be
certain of how other core collapses work. New astrophysics
or physics may make them more complex, more varied, and
more different among flavors than we expect [14-30].

The only feasible method to probe the average neutrino
emission per core collapse is through detecting the diffuse
supernova neutrino background (DSNB), which arises
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from all past core collapses [6,36-38]. The flux upper
limit for v, from Super-Kamiokande (SK) is 2.7 cm 257!
[39-41], and it is poised to make a first detection [41,42]
(which could be improved by other upcoming and proposed
detectors [43-46]). But our understanding of core collapse
depends on probing the DSNB in all flavors, which is hard.
For v,, the Sudbury Neutrino Observatory (SNO) has set a
limit 19 cm2s~! [47,48], and the Deep Underground
Neutrino Experiment (DUNE) should improve on this
[49,50]. The weakest link is v,, i.e., each of Vys Vgs Uys Uy
For these, the limits are ~10° cm 2s~! per flavor [51]
(using neutrino-electron scattering in SK), a big improve-
ment from the prior value of ~107 set using smaller
detectors [52]. New ideas are needed to improve DSNB
sensitivity to all flavors [53].

In this paper, we show that the sensitivity to DSNB v,
can be greatly improved through careful analyses in future
direct-detection dark-matter detectors. Two developments
make this possible. The COHERENT experiment made the
first detection of the coherent elastic scattering of neutrinos
on nuclei (CEvNS) process, which is sensitive to all flavors
of neutrinos and antineutrinos [54]. And direct-detection
experiments for dark matter are rapidly becoming much
more sensitive [55-63]. As these detectors search for
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nuclear recoils from dark-matter scattering, they will
ultimately also become sensitive to nuclear recoils from
neutrino scattering, reaching the “neutrino floor” for dark-
matter searches [64-70].

Our main calculations focus on the upgrade path from
XENONIT [71] (fiducial mass 1 ton, completed) to
XENONNT/LUX-ZEPLIN (fiducial mass 4 ton, running)
[72,73] to DARWIN (DARk matter WImp search with
liquid xenoN; fiducial mass 40 ton, proposed) [74]. We
show that existing XENONIT data could set a limit of
~10* cm™2 5! per flavor (comparable to the SK limit) and
that DARWIN will ultimately be able to probe down to
~10 cm~2s~!. Even limits would be important for probing
core-collapse models with new astrophysics or physics.
To ensure detection, larger detectors are needed. In an
appendix, we show that this may be possible with proposed
lead-based detectors RES-NOVA-1,-2,-3 [75].

The remainder of this paper is organized as follows.
In Sec. II, we show that the DSNB flux dominates other
neutrino fluxes in a narrow energy range. In Sec. III, we
show that detection is much more challenging than this flux
dominance suggests. But in Sec. IV, we show that even
current data allow a useful limit and that there are
promising ways forward with future detectors. In Sec. V,
we conclude. In the appendices, we give additional details
on our calculations of the DSNB flux, present a new limit
on supernova v, emission from SN 1987A, and summarize
our results for lead-based detectors.

II. PROMISE: MULTIFLAVOR
DETECTION OF THE DSNB

In this section, we review the calculation of the DSNB
signal flux (Sec. Il A) and how it compares to other
neutrino fluxes, which act as an irreducible background
to DSNB detection (Sec. II B). The key message is that
there is a narrow energy window (~20-30 MeV) where the
DSNB flux dominates. Similar results have been found in
prior work [65-69].

A. Calculation of the DSNB signal

The fundamental goal of DSNB searches is to measure
the average neutrino emission per core collapse [6,36-38].
This can be determined only by neutrino observations,
whereas all other DSNB inputs can be measured through
electromagnetic observations. At lowest order, the neutrino
emission is expected to be independent of the progenitor
mass. The most important correction is if there is a
successful supernova (leading to a ~1.5 M, neutron star;
NS) or a failed supernova (leading to a stellar-mass black
hole; BH). For BH formation, the neutrino flux is expected
to be somewhat larger, and the spectrum somewhat harder,
due to the increased mass of the collapsed core as well as
increased accretion onto it. The complementary fractions of
these outcomes, fyg and fgy, are not well known [76-83].

Here we carry out the DSNB modeling simply; for
overviews tackling the astrophysical uncertainties affecting
the signal, see Refs. [84-88]. Following Ref. [50], we
consider various subranges of zero-age main sequence
progenitor masses within M = 8-125 M that lead to
NS or BH outcomes. We model the neutrino emission
per core collapse using the time-integrated outputs from
simulations from the Garching group (1D hydrodynamical
simulations with Boltzmann neutrino transport) [89]. For
NS outcomes from lower-mass supernovae, we use their
9.6-M; model; for NS outcomes from higher-mass
progenitors, we use their 27-M; model; and for all BH
outcomes, we use their 40-M, models with different
accretion rate (a slow-forming BH model and a fast-
forming BH model). For simplicity, we neglect the inter-
mediate scenario of fallback supernovae [90] because of
their lower rate [80]; we assume that this scenario falls in
one of the two categories above.

The all-sky DSNB flux for a single neutrino flavor, with
emission spectrum F(E], M), can then be calculated as

125 M, - R M
®(E,) :C/ odM/Z dy ——Fsn(@ M)
Hy Jg m, 0 V(142> +Q,
x [fnsFns(Ey, M) + feuFgu(E,, M), (1)

where the neutrino energy at emission, E), is related to that at
detection, E,, by E} = E, (1 + z), with z the redshift. The
supernova rate density (successful plus failed) for a given
mass is Rgn(z, M). We use standard values for the other
inputs (speed of light ¢, Hubble constant H(,, dark matter
fraction ,,, and dark energy fraction £, ) [91]. The resulting
flux spectrum ®(E,) has units of [cm 25! MeV~!].

The star-formation rate density from Ref. [92] is

) 1 + 7003 1 + 7\ 03571/10
1 —34 .

(2)
This leads to the supernova rate density via
(dN/dM)p,(z)
RSN(ZsM) = 125 My, (3)

o1 ws dM M(dN/dM)

where the initial mass function follows a Salpeter form,
dN/dM «x M~235 [93], but punctuated as in Ref. [50] by
step functions based on the NS versus BH outcomes. When
integrated over mass, we refer to the result as Rgy(z).
For our fiducial DSNB model, following Ref. [50], we
adopt Rgn(z=0) =1.25x107* Mpc 3 yr~! and fpy~
20% (slow-forming BH model). For our minimal DSNB
model, we change these to 0.75 (the prefactor) and fgy =~
10% (fast-forming BH model). For our maximal DSNB
model, we change these to 1.75 and fpy ~40% (slow-
forming BH model). These ranges are based on a relatively
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FIG. 1. DSNB signal flux (sum of v,,v,,7,, ;) compared to
the irreducible neutrino backgrounds (sums of all flavors). The
DSNB flux dominates only in a narrow energy window.

conservative assessment of input values from observations
of Rgn(z = 0) [94-100] and fgy [76-83]. A higher fgy
increases the high-energy tail of the DSNB [101]. The
weighted effective total energy and average energy values
for our DSNB models, which are comparable to those used
in other calculations, are specified in Appendix A.

Figure 1 shows the total DSNB v, spectrum (sum of
Uy, Uy, Uy, 1), with the line and band indicating our fiducial
model and the range around it set by our minimal and
maximal models. We show only the four v, flavors because
the limits for 7, and v, are so much stronger. We plot
E,d®/dE, = (2.3)7'd®/dlogo(E,) to show the flux per
logarithmic energy bin, matching the x axis. This model,
when adapted to the ©, component, is consistent with
constraints from SK [41]. In Appendix A, we provide more
detail on the DSNB modeling and its uncertainties. The
other neutrino fluxes in the figure are explained in the next
subsection.

The standard core-collapse supernova scenario predicts
comparable fluxes for all neutrino flavors. But due to the
large discrepancy between the limits on the v, and on other
flavor components of the DSNB, we treat the v, emission
as separate. We neglect ordinary three-flavor mixing effects
(including neutrino self-interactions [85]) because if the v,
flux were really huge, this must be caused by unspecified
new astrophysics or physics. The latter might include active
neutrino decays [102-104], nonstandard interactions of
DSNB with cosmic neutrino background [105-108] or
sterile-neutrino mixing to the mu and tau sectors. For the
last, there might be a scenario where sterile neutrinos
escape from the core and then decay to v, [26,109].

B. Irreducible neutrino backgrounds

Because the detection of CEUVNS events in dark-matter
detectors is flavor-blind and has only the nuclear recoil

energy as an observable (e.g., no directionality), other
neutrino fluxes form irreducible backgrounds to the DSNB
signal. Other types of detector backgrounds, which will
increase the difficulty of detecting the DSNB, are discussed
in subsequent sections.

Figure 1 also shows these irreducible neutrino back-
grounds. At low enough energies, solar-neutrino fluxes
[38,110]—specifically from the *B and hep (*He + p)
reactions, with end points of 15 MeV and ~19 MeV,
respectively—will overwhelm the main part of the DSNB
spectrum. At high enough energies, atmospheric-neutrino
fluxes (calculated for the location of the Gran Sasso National
Laboratories, as appropriate for all the detectors considered
here) [111,112] will overwhelm the high-energy tail of the
DSNB spectrum. For the solar- and atmospheric-neutrino
fluxes, we use the sum of all flavors of neutrinos and
antineutrinos, as appropriate for neutral-current detection.
All other known neutrino fluxes are subdominant to those
shown, and hence are neglected. This figure is in good
agreement with those in prior work [65-69].

III. CHALLENGE: DSNB DETECTION
IN DARK-MATTER DETECTORS

In this section, we review the challenges of DSNB
detection in dark-matter detectors: the unfavorable differ-
ential cross section (Sec. III A) and the detector size
(Sec. III B). The key message is that the DSNB signal
that looked promising in Fig. 1 is now buried under
backgrounds in Fig. 3 (see also Refs. [65-69]). In the next
section, we show a way forward.

A. Coherent elastic neutrino-nucleus scattering

In the CEuNS process [113], a neutrino coherently and
elastically interacts with a nucleus, causing it to recoil,

v+A(Z,N) > v+A(ZN), (4)

where A is the mass number, Z the atomic number, and N is
the neutron number. A coherent interaction requires the
momentum transfer to be sufficiently low, leading to low
recoil energies (typically in the keV range), making it very
challenging to observe this reaction. For a neutrino of
energy E, interacting with a nucleus of mass m,, a range
of nuclear recoil energies E, is produced, from zero up to
a maximum, EM* = 2E?/(m, + 2E,) ~2E?/m,, which
corresponds to the configuration where the neutrino boun-
ces straight backwards. To induce xenon recoils of 1, 3, and
5 keV, the incoming neutrino energy must be larger than 8,
13.5, and 17.5 MeV, respectively.

Because this process is a neutral-current vector weak
interaction, all active flavors of neutrino (and antineutrino)
participate equally. (We neglect an axial weak interaction
contribution because in our work we focus on heavy nuclei,
for which any axial contribution is suppressed by a factor of
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FIG. 2. Differential cross section for the CEvNS process in
terms of nuclear recoil energy, for xenon nuclei and three
example neutrino energies. The solid lines include the required
nuclear form factor, whereas the dashed lines do not and are just
for comparison. The differential cross section favors low recoil
energies, especially for increasing neutrino energy.

~A [114,115].) The total cross section is large for a
neutrino interaction, o,, ~ N?G}E?/4n; for xenon, this
is ~2.5x 104 (E,/MeV)? cm?. The differential cross
section is [113]

do,, o G%mA 0
dE 4

r

- e - E). (5
where Q,, = [N — Z(1 —4sin?y)] is the weak vector
nuclear charge, and the Helm-type form factor [116],
which accounts for the partial loss of coherence when
the momentum transfer (Q = /2m4E,) is too large, is

J1(@Ry )exp (_%stz), (6)

OR,

where j, is the first-order spherical Bessel function, the
nuclear size is Ry = VR? — 552, R = 1.2A} fm, and s ~ 0.5
is the nuclear skin thickness [117,118]. The uncertainty
associated with the form factor is less than 5% [54,119].

Figure 2 shows the differential cross section, illustrating
the points above. A key challenge is that the smallest recoil
energies are favored, but these are the hardest to detect.
With increasing neutrino energy, the maximum recoil
energy increases, but then the form-factor suppression
sharpens the preference for low recoil energies.

F(Q)=3

B. Detection in xenon-based detectors

Although the CEuUNS cross section is large, detection
is challenging because the recoil energies are low, the
detectors that can measure them are small, and other
neutrino fluxes are important. In this section, we consider
an idealized xenon detector, taking 1 ton as a fiducial mass

(like XENONIT, but we defer most discussions of realistic
details to the next section). For comparison, the fiducial
mass of SK, the leader in the search for DSNB 7,, is 22 500
times larger. Even taking into account the advantage of
coherent scattering, xenon-based detectors will need to be
much larger—as planned—to compete.

The working principle of a dual-phase xenon dark-matter
detector is to separately detect prompt and delayed scin-
tillation signals in the detector’s liquid and gas regions
[120]. The ratio between these signals allows for powerful
discrimination between nuclear and electronic recoils, as
required for dark-matter searches [72,74]. For nuclear
recoils compared to electronic recoils, the ionization
density is higher, leading to faster recombination and a
larger prompt scintillation signal (S1). Most ionization
electrons do not recombine, and instead drift in the applied
electric field to the gas region, where they cause the delayed
scintillation signal (82). In the S1-82 plane, signals from
nuclear recoils then fall below those from electronic recoils
(see, e.g., Fig. 5 in Ref. [72]).

For simplicity, we work directly with the nuclear recoil
energy, which can be estimated from a combination of
S1 and S2 signals [121,122]. In the idealized case, the
neutrino-induced recoil spectrum is

dN,,A

=TN / dE, dbf"qn (E,), (7)

where T is the time of exposure, N, is the number of xenon
nuclei, and ®(E,) is the neutrino flux spectrum. In our
calculations, we include the weighting over xenon isotopes,
though we suppress the notation. Realistic detection effects
are taken into account in the next section.

Figure 3 shows the DSNB signal in a 1 ton-year exposure
of an ideal xenon detector. With no information on the

10 T

Atmospheric

1 10 107
E, [keV]

FIG. 3. Expected nuclear-recoil spectrum for the DSNB (sum
of v,,v,,0,,7;) and for various irreducible backgrounds, as
labeled, corresponding to Fig. 1. Even in this idealized case,
the DSNB would be very hard to detect.
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directionality of the events, other neutrino fluxes produce
irreducible backgrounds (Sec. II B), as shown. Contrary to
Fig. 1, there is no longer an energy range where the DSNB
signal dominates. The reason is that signal events are
pushed to lower energies by the differential cross section,
and are thus obscured by the solar-neutrino background.
Further, the atmospheric-neutrino background pushes into
the DSNB signal region. In addition, present detectors are
far too small to detect the DSNB, even if there were no
backgrounds (for example, the rate within an energy range
spanning a factor e = 2.72 can be estimated from the plot
by multiplying the height of the curve by AlInE = 1).

IV. RESOLUTION: TOWARDS FUTURE
DSNB SENSITIVITY

In this section, we present our new results on how dark-
matter detectors can place competitive limits on DSNB v,.
In Sec. IVA, we calculate the approximate range of the
DSNB emission spectrum that can be probed. In Sec. IV B,
we calculate the nuclear recoil spectrum, here including
realistic detector effects. In Sec. IV C, we calculate the
DSNB flux sensitivity.

A. Relevant range of neutrino energy

Figure 4 shows how the range of the nuclear recoil
spectrum measured in the detector relates to the range of the
DSNB spectrum probed at the source. These results are
calculated for an ideal xenon detector, as in the previous
section. For a fixed neutrino energy in emission, our
calculation takes into account redshifting from the sources,

L

T
1

10 f

E, [keV]

0 10 20 30 40
E! [MeV]

< T

102 101 100

logyy (Normalized d*N, /dE, /dE,)

FIG. 4. Relative weighting of detected DSNB v, events in an
ideal xenon detector, in the plane of emitted neutrino energy and
detected nuclear recoil energy. The horizontal line shows a
possible recoil-energy threshold.

as well as the weighting with the differential cross section.
For a fixed recoil energy, one can then read off the relevant
range of neutrino energies at emission. In anticipation of
the next subsection, we indicate a possible recoil-energy
threshold of 3 keV [74]. The relevant range for the neutrino
emission energy is roughly 15-35 MeV, which is the tail
of the spectrum. The lower value is set by the detector
response and the upper value is set by the falling DSNB
spectrum. This range is comparable to that for prior and
future searches for DSNB 7, [41,42,45], DSNB v, [47-50],
and DSNB v, [51]. Typically, experiments note the range of
detected (not emitted) energies they probe. Correcting for
this only strengthens the point that all DSNB searches only
probe the tail of the emission spectrum.

B. Predicted nuclear recoil spectrum

Starting in this subsection, we take into account several
important detector effects that change the nuclear recoil
spectrum in a xenon detector relative to the ideal case
shown in Fig. 3. We model these effects based on the
technical specifications achieved for the XENONIT detec-
tor. For its successor detectors, we assume that these
specifications will only improve, as they must meet the
increasingly ambitious goals for dark-matter searches.

Taking into account detector energy resolution has only
modest effects, due to the narrow width of the smearing
function (~10-20%, depending on energy) [62,123]. To
calculate the smeared spectrum, we finely bin the ideal
recoil spectrum and convolve it with an energy-dependent
Gaussian. This moves events from the steep solar-neutrino
background to higher energies by about 1 keV, but the other
spectra are essentially unchanged. The differential cross
section causes much larger effects, though it only pushes
events to lower energies, whereas detector energy reso-
lution smears in both directions.

We then apply an energy-dependent detection efficiency
[62] to the smeared spectrum, which has large effects. At
energies below ~4 keV, the low efficiency strongly sup-
presses event rates because of the requirement of having large
enough S1 and S2 signals. At energies above ~40 keV, the
efficiency drops sharply because of cuts to suppress the
electronic-recoil contribution and to remove incidental light
emission from defective photomultipliers. In between, the
efficiency is nearly constant at a value ~0.85.

In addition to the neutrino-induced backgrounds shown
in Fig. 3, we take into account other types of detector
backgrounds. The most important is neutron-nucleus scat-
tering events [72,74,75]. In XENONIT, this background
after mitigation measures is comparable to that induced by
atmospheric neutrinos. It is caused by neutrons from the
spontaneous fission of 232Th, 23%U, and U, plus from
secondary neutrons following (a, n) processes [124]. For
future xenon detectors, increasingly strong neutron-
rejection measures will be needed for dark-matter searches,
which will help DSNB searches.
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FIG. 5. Same as Fig. 3, but now taking into account realistic
detector effects for XENONIT, including the neutron contribu-
tion to the total background. Within the ROI, the DSNB spectra
near the present limit dominate the backgrounds and are within
reach of detection. This sets the stage for improved sensitivity
with larger exposures.

Figure 5 shows realistic DSNB detection prospects for
the example of XENONIT. A 10° x DSNB flux (compa-
rable to the present limit [51]) is in range of detection.
Although Fig. 5 gives the impression that the peak of the
DSNB spectrum is being probed, this recoil spectrum is
heavily shaped by the detector efficiency. The true range of
the neutrino spectrum being probed can be estimated
from Fig. 4.

To isolate the DSNB from backgrounds, it is important to
define a region of interest (ROI) in the energy spectrum. We
choose 4-15 keV to minimize the effects of backgrounds.
The choice of the low-energy edge of the ROI is particu-
larly important, as the solar-neutrino backgrounds rise
sharply with decreasing energy. Within this ROI, the
expected signal counts (for a DSNB enhancement factor
of 10%, reflecting the present limit) are 0.47 yr~!, while the
expected background counts are 0.02 yr~! for the neutrino-
induced backgrounds, and 0.03 yr~! for the total back-
ground. (These values can be estimated from the plot by
multiplying the height of the curve by the width of the ROI,
Aln E = 1.3.) The dominance of the signal (including the
enhancement factor 10°) over the background is important,
as explained in the next subsection, where we focus on how
to probe even smaller DSNB fluxes with larger exposures.

We note that essentially the only useful improvements
for detector sensitivity come from reducing the non-
neutrino backgrounds (already assumed to be small) and
increasing exposure. Because of the neutrino backgrounds
are irreducible, the ROI cannot be appreciably increased.
Of course, increasing the detector energy range will help
measure the backgrounds, which is important [125]. In
principle, detectors with directional sensitivity could help

reduce the solar-neutrino background [126,127], but the
discriminating power would have to be excellent to make a
difference because the solar background rises so steeply
with decreasing energy.

C. Calculated flux sensitivity

To calculate the sensitivity to the DSNB flux, we take
into account two key points. First, an ROI in the recoil
spectrum can be defined that minimizes backgrounds.
Second, the expected statistics are small. It is then sufficient
to compare the signal and background counts in the ROI,
i.e., to use a one-bin analysis. For each value of the detector
exposure, we simulate many instances of a possible experi-
ment, sampling the signal and background counts from
Poisson distributions. Assuming that the DSNB signal
takes its fiducial value, no signal events are expected,
and we would set an upper limit on the DSNB flux. We use
a simple Feldman-Cousins treatment [128] to calculate
the sensitivity for each simulation and the final limit as
an average over the number of modeled experiments.
Ultimately, the sensitivity could be improved by using
an unbinned maximum-likelihood approach, noting that the
backgrounds are fully specified (our preliminary maxi-
mum-likelihood calculations yield very similar results
to our approach above, which we maintain due to its
physical clarity).

Figure 6 shows the projected 90% Confidence Level
(C.L.) upper limits on the DSNB v, flux (for each flavor)
change with exposure for the series of xenon-based
detectors. For each detector (except for XENON1T, which

lU_l A MR AL | M MR
TTO10° TN E
w ‘\\
=] ~
I—- \\\
£ 102 1
= R
= k*
& 10EE B
X z Z =] . :
e} S o E Sl
e - ) '\s.-
0 &3] = =
) 1 g~ ~ 2  DSNB ~

10—] N ------I‘) NN
1 10 10~ 107

Exposure [ton yr]

FIG. 6. Scaling of the DSNB v, sensitivity with increasing
exposure in xenon-based detectors (blue line) for an ROI of
4-15 keV. The broken lines indicate scaling with exposure
(dashed) and its square root (dotted). The vertical bands show
expected detector exposures. The horizontal band shows our
conservative DSNB modeling (fiducial model, with the band set
by our minimal and maximal models).
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is completed), a vertical band indicates an exposure range
based on 1-2.5 years of runtime. While we do not perform
calculations for LUX-ZEPLIN [73], it should have very
similar capabilities to XENONNT [72]. Our main focus is
DARWIN [74], which will join the XENON and LUX-
ZEPLIN collaborations. Given DARWIN’s capabilities
(including for detecting a supernova neutrino burst
[129-132]) and expense, it is conceivable that it would
run for 25 years, which we indicate by a fainter extension of
its band. This figure shows that the series of xenon-based
detectors can significantly improve sensitivity to DSNB v,
despite the difficulties discussed above. Even with present
data from XENONIT, the sensitivity is comparable to the
present limit using neutrino-electron scattering in SK [51].
Most important, the sensitivity in xenon-based detectors
can improve by orders of magnitude. While these detectors
cannot reach standard predictions, testing if the DSNB v,
flux is larger than expected would be valuable.

For small exposures, the DSNB flux sensitivity scales
inversely with exposure, because the number of back-
ground events in the ROI is <« 1. For large exposures, the
sensitivity scales inversely with the square root of exposure,
because the backgrounds are no longer negligible. For large
exposures, we found that the sensitivity can be improved by
adjusting the ROI to keep the background contributions
small. This is an indication that the analysis should
ultimately switch to using an unbinned maximum-
likelihood approach. Our results are insensitive to the
details of the predicted DSNB spectrum. The green band
indicating the range of predictions (as in Figs. 1, 3, and 5) is
also shown here, where it is narrow because our results
primarily probe the flux normalization, and not the spec-
trum shape. For XENONIT (completed), the limit pre-
sented in Fig. 6 was calculated for energy threshold
of 4 keV; employing a 4.9 keV threshold, as it is done
for dark matter searches [62], yields a 20% weaker
limit, 2510 cm™2s71.

As the exposure increases, the uncertainties on the
predicted atmospheric neutrino backgrounds will become
more important. At present, these are 20-30% for the
relevant neutrino energy range [111,133]. To conserva-
tively estimate the effects of including this, we did a one-
bin maximum-likelihood analysis including Gaussian pull
terms [134], assuming a 30% atmospheric flux normali-
zation uncertainty. At the largest exposures we consider,
this leads to a decrease in the flux sensitivity by approx-
imately a factor of two. We anticipate that the ultimate
effects will be much less. By the time the DARWIN
exposure increases, these uncertainties will be reduced
due to improved measurements in large neutrino detectors,
as well as in DARWIN itself at recoil energies well above
our ROL The very different shapes of the recoil spectra
induced by the DSNB and by atmospheric neutrinos will
allow good separation of these components in a full
unbinned maximume-likelihood analysis.
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FIG. 7. Sensitivity to DSNB v, (projected 90% C.L. upper
limits) in xenon-based detectors, characterized by the emitted
energy (one of four flavors) and average energy (assumed
common). For comparison, we show the present SK limit on
DSNB v, [41], the SNO limit on DSNB v, [47,48], and our SN
1987A limit on v, (see Appendix B), as well as three points that
indicate our average emission per collapse in the fiducial,
minimal, and maximal DSNB models (see Appendix A).

Figure 7 shows the projected sensitivity of xenon-based
detectors to the fundamental v, emission parameters: the
energy emitted per single v, and the average energy. To
calculate these results, we redid our analysis using a
simple DSNB model for which all supernovae emit the
same thermal neutrino spectrum (see Appendix A). This
figure, like Fig. 6, shows that xenon-based detectors can
significantly improve sensitivity to DSNB v,, testing the
possibility of nonstandard v, emission. In addition, it
demonstrates that large exposures of 2100 ton yr could
improve upon the limits on v, from SN 1987A (see details
in Appendix B) and the current sensitivity to DSNB v,.
Our analysis focuses on the four v, flavors; once the
sensitivity to those improves enough, the analysis should
take into account that v, could also contribute to the
signal. While Fig. 7 extends to mean energies significantly
higher than found by state-of-the-art supernova simula-
tions [7,12,135], it could be relevant for new-physics
scenarios [3,19,23,24,26,102-109].

V. DISCUSSION AND CONCLUSIONS

Understanding core-collapse supernovae is critical to
progress in astrophysics and physics. The key to progress is
measuring their neutrino emission, which carries away 99%
of the released energy and which reflects the extreme,
dynamic conditions in the core. The better we understand
the astrophysics of supernovae, the better we can probe
neutrino physics by exploiting these extreme conditions.
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And the better we understand neutrino physics, the better
we can search for physics beyond the standard model, e.g.,
the emission of new particles.

From SN 1987A, we detected only the o, flavor. This
makes it difficult to test the most basic prediction about the
neutrino emission, that each flavor should carry away a
comparable fraction of the total energy, and with comparable
spectra. And, even if this should be confirmed by the
detection of the next Milky Way supernova, we still will
not know how varied is the neutrino emission from the
supernova population. The detection of DSNB 7, is coming
within reach of SK [41], and there is good progress on DSNB
v, [47-50], but the limit for DSNB v,, based on neutrino-
electron scattering in SK, is very weak, ~10° cm 2 s! per
flavor [51].

We show that DSNB v, can be well probed with xenon-
based detectors for dark matter. The advantages that make
this possible are the large cross section for neutrino-
nucleus coherent scattering, the very low backgrounds,
and the plans to greatly increase the exposure. With
XENONIT (completed), one could probe fluxes compa-
rable to the present limit. With XENONnT/LUX-ZEPLIN
(running) and especially DARWIN (proposed), great
improvements could be made, reaching a sensitivity
~10 cm2s7! per flavor. While not reaching as far as
needed, this sensitivity is enough to exclude many DSNB
scenarios with new astrophysics or physics. If the sensi-
tivity can be pushed low enough, then it could also
improve sensitivity to DSNB v,.

Ultimately, to reach the goal of detecting the DSNB in all
flavors [51,53], even larger detectors will be needed. We
show in Appendix C that the lead-based RES-NOVA-1, -2,
-3 detectors [75] have the potential to improve upon the
sensitivity of xenon-based detectors, though work is needed
to better assess the details. For example, 2.5 years of
RES-NOVA-3 could potentially improve on 2.5 years of
DARWIN by about an order of magnitude. Thus, though
the RES-NOVA detectors may start later than the xenon-
based detectors, they may be a path to detection of
DSNB v,.

Searches for DSNB v, could be complicated by the
discovery of dark-matter scattering. But that fact would be
adequate consolation!
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APPENDIX A: DETAILS ON THE DSNB MODEL

Here we discuss our DSNB model in more detail; see
also Ref. [50]. The average flux per supernova in our three
DSNB models (fiducial, plus minimal, and maximal)
corresponds to a weighted sum of fluxes from the
NS- and BH-forming models. This average flux for each
v, flavor is characterized by a total energy, £, , and an
average energy, (E, ). For our fiducial model, these are
0.40 x 10°3 erg and 13.6 MeV. For our minimal model,
they are 0.39 x 103 erg and 12.3 MeV; for our maximal
model, they are 0.39 x 10°® erg and 14.6 MeV. These
values are within the range expected from calculations,
simulations, and observation [1,12,135,136], though this is
a relatively conservative prediction; the v, average energy
is very close to that of the other flavors.

Figure 8 shows the DSNB spectra in our fiducial model,
with an uncertainty range indicated for v, alone. The
variation at lower energies is dominated by the local
supernova rate, Rgy(z = 0), while that at higher energies
by the BH-forming fraction, fzy. We expect a hierarchy of
average energies in the different flavors due to their
different interactions with matter, with the v,, o,, and v,
spectra being progressively hotter. This is seen for v,, but
for v, there is a subtlety. A local temperature maximum
emerges behind the free-streaming radius for v, but ahead
of the one 7, [6], so the v, lose additional energy by
scattering, lowering their average energy.

B T
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FIG. 8. Predicted DSNB spectra. The solid green line is for one
of the four v, flavors in our fiducial model, with the band set by
our minimal and maximal models (allowed by varying fgy,
Rgn(z = 0), and the BH-forming model). We also show the
spectra of v, and D, in our fiducial model.
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APPENDIX B: SN 1987A LIMITS
ON v, EMISSION

Here we estimate upper limits on the supernova v,
emission from SN 1987A observations. To summarize the
context, three detectors registered events consistent with
charged-current v, interactions with free (hydrogen) protons.
The water-based Kamiokande-II (KamlII) detector observed
eleven events [31]. The water-based Irvine-Michigan-
Brookhaven [32] detector observed eight events. The scin-
tillator-based Baksan Neutrino Observatory (Baksan) [33]
observed five events (most, but not all, were likely due to
detector backgrounds). However, these detectors were
capable, in principle, of observing v, events via neutral-
current interactions. The yields are suppressed by smaller
cross sections, higher interaction thresholds, or because
they produce observable energies below the detection
thresholds. We estimate the v, limits using three detection
channels: neutrino elastic scattering with electrons (v, + ™)
[137], neutrino excitation of oxygen with gamma-ray
emission (v, + 0) [138,139], and the same for carbon
(v, + C) [140-142].

For the first two detection channels, the strongest limits
come from considering the Kam-II detector. The Irvine-
Michigan-Brookhaven detector had too high of an effective
energy threshold for both channels and the Baksan detector
was too small for the first. Kam-II was a ~2-kton water
Cherenkov detector with a detection threshold energy of
7.5 MeV (electron total energy) and an energy-dependent
efficiency [31]. For v, + O scattering, we take the approxi-
mate energy variation of the cross section from Ref. [139],
assume the branching ratios from Ref. [138] (even though
these should vary with energy), include only gamma rays
above 9 MeV, and assume that these Compton-scatter
electrons with (on average) 80% of the gamma-ray energy.
We make conservative choices for the expected numbers of
events required for clear v, detection. For v, + e~ scatter-
ing, we require a Poisson mean of at least 4.0 events, so that
there is a 90% probability of observing more than one event
(as one Kam-II event was forward). For O + v, scattering,
we require a Poisson mean of at least 6.8 events, so that
there is a 90% probability of observing more than three
events (as a few Kam-II events were in this energy range).
For the third detection channel, we calculate the limits
assuming the Baksan detector, which had a mass of ~200
ton of scintillator. It had a detection threshold energy of
8 MeV and an efficiency of 80% above 12 MeV [33]. The
deexcitation of carbon is via a gamma ray of energy
15.11 MeV [140]. We conservatively require that the total
v, flux yields more than 6.8 events because a few Baksan
events were in this energy range.

Figure 9 shows the limits on supernova v, emission
calculated from SN 1987A, which may or may not be a
typical supernova. The most robust limit is that based on
neutrino-electron scattering. Its variation with average
energy can be understood simply. At high average energies,
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FIG. 9. Limits on supernova v, emission from SN 1987A. The
results are estimated from data from Kam-II (v, + ¢~ and v, + O)
and Baksan (v, 4+ C), characterized by total energy and average
energy for each flavor of v,.

the limit is flat because the cross section rises with average
energy while the number of neutrinos falls with average
energy (assuming a fixed total energy). At low average
energies, the effects of the detector threshold are important.
The neutrino-oxygen and neutrino-carbon limits are
more approximate and might be improved by further work.
Their variation with average energy reflects not only the
effects of detector thresholds, but also the steeper energy
dependence of the cross sections (approximately quartic in
the energy above threshold for oxygen [138,139] and
approximately quadratic in the energy above threshold for
carbon [140-142]).

APPENDIX C: RESULTS FOR LEAD-BASED
DETECTORS

Here we summarize results for lead-based detectors, for
which the calculations are very similar to those for xenon-
based detectors. Our approach is to assess the best possible
sensitivity, testing if this is promising. We consider RES-
NOVA, which would use archaeological lead as an active
detector volume [75]. The current proposal has three
phases, RES-NOVA-1, -2, and -3, with effective masses
of 2.4, 31, and 456 ton, respectively, where we assume pure
lead for now. These masses are substantially larger than
assumed for the xenon-based detectors.

The detector backgrounds for RES-NOVA have been
evaluated for the case of supernova neutrino burst detection
[75,143]. There are large background rates due to the decay
chains of 2*8U, 219Ph, and 2*Th in the detector. These rates
surpass the event rates induced by solar, atmospheric, and
DSNB neutrinos by a few orders of magnitude, but it is
anticipated that they can be greatly reduced by particle
identification techniques [143,144]. Further studies are
needed to calculate the background rates for DSNB searches.
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FIG. 10. Scaling of the best possible DSNB v, sensitivity with
increasing exposure in pure lead-based detectors (solid red line)
for an ROI of 2-15 keV. The broken lines indicate scaling with
exposure and its square root. The vertical bands show expected
exposures. The horizontal band shows our conservative DSNB
modeling (fiducial model, with the band set by our minimal and
maximal models). RES-NOVA-3 might reach much greater
exposures than shown. Compare to Fig. 6 for xenon-based
detectors.

To estimate the best possible signal sensitivity, we
consider only solar- and atmospheric-neutrino backgrounds
(in particular, neglecting neutron backgrounds). Further,
we assume 100% efficiency and neglect energy-resolution
smearing. In Ref. [143], the energy resolution was assumed
to be 0.2 keV, independent of the recoil energy, which
would have minimal effects on our results. We find that an
ROI of 2-15 keV works well.

If the detector is realized with lead crystals, for example
PbWO, [75], then there are additional issues. First, the total
mass of lead targets would be smaller by about 30%, with
the difference being made up by the other elements.
Second, and more important, these other elements become
important targets for neutrinos. For oxygen in particular, its
lower mass allows a larger recoil energy for the same
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FIG. 11. Sensitivity to DSNB v, (projected 90% C.L. upper
limits) in pure lead-based detectors, characterized by the emitted
energy (one of four flavors) and average energy (assumed
common). For comparison, we show the present SK limit on
DSNB 7, [41], the SNO limit on DSNB v, [47,48], and our SN
1987A limit on v, (see Appendix B), as well as three points that
indicate our average emission per collapse in the fiducial,
minimal, and maximal DSNB models (see Appendix A). Com-
pare to Fig. 7 for xenon-based detectors.

neutrino energy. This has the effect of moving the solar-
neutrino background to higher recoil energies, overwhelm-
ing the DSNB signal until almost 55 keV. In this case, the
RES-NOVA sensitivity to DSNB v, worsens by a factor of
about ~30, which would not be competitive. Thus it would
be important to either use pure lead or to use crystals based
on only heavy elements.

Figure 10 shows our calculated flux sensitivity for
DSNB v, in pure lead-based detectors. As for xenon-based
detectors, the sensitivity would immediately be competitive
and improve rapidly. If the detector backgrounds are as
small as hoped, then the sensitivity could ultimately be
better than for xenon-based detectors.

Figure 11 shows the projected sensitivity of pure lead-
based detectors to the v, emission parameters.

[1] B. Jegerlehner, F. Neubig, and G. Raffelt, Phys. Rev. D 54,
1194 (1996).

[2] H. Duan, G. M. Fuller, and Y.-Z. Qian, Annu. Rev. Nucl.
Part. Sci. 60, 569 (2010).

[3] G.G. Raffelt and S. Zhou, Phys. Rev. D 83, 093014
(2011).

[4] A. Burrows, Rev. Mod. Phys. 85, 245 (2013).

[5] S. M. Adams, C. S. Kochanek, J. F. Beacom, M. R. Vagins,
and K. Z. Stanek, Astrophys. J. 778, 164 (2013).

[6] A. Mirizzi, I. Tamborra, H.-T. Janka, N. Saviano, K.
Scholberg, R. Bollig, L.. Hudepohl, and S. Chakraborty,
Riv. Nuovo Cimento 39, 1 (2016).

[7] H.T. Janka, T. Melson, and A. Summa, Annu. Rev. Nucl.
Part. Sci. 66, 341 (2016).

[8] G. Martinez-Pinedo, T. Fischer, K. Langanke, A. Lohs, A.
Sieverding, and M.-R. Wu, Neutrinos and their impact
on core-collapse supernova nucleosynthesis, Handbook of
Supernovae (Springer International Publishing, Cham, 2017).

043008-10



TOWARDS PROBING THE DIFFUSE SUPERNOVA NEUTRINO ...

PHYS. REV. D 105, 043008 (2022)

[9] S. Horiuchi and J. P. Kneller, J. Phys. G 45, 043002 (2018).

[10] M.L. Warren, S.M. Couch, E.P. O’Connor, and V.
Morozova, Astrophys. J. 898, 139 (2020).

[11] S. W. Li, L. F. Roberts, and J. F. Beacom, Phys. Rev. D
103, 023016 (2021).

[12] A. Burrows and D. Vartanyan, Nature (London) 589, 29
(2021).

[13] L. Tamborra and S. Shalgar, Annu. Rev. Nucl. Part. Sci. 71,
165 (2021).

[14] H. Nunokawa, J. T. Peltoniemi, A. Rossi, and J. W.F.
Valle, Phys. Rev. D 56, 1704 (1997).

[15] J. Hidaka and G. M. Fuller, Phys. Rev. D 74, 125015 (2006).

[16] T. Fischer, I. Sagert, G. Pagliara, M. Hempel, J. Schaffner-
Bielich, T. Rauscher, F. K. Thielemann, R. Kappeli, G.
Martinez-Pinedo, and M. Liebendorfer, Astrophys. J.
Suppl. Ser. 194, 39 (2011).

[17] 1. Tamborra, G. G. Raffelt, L. Hiidepohl, and H.-T. Janka,
J. Cosmol. Astropart. Phys. 01 (2012) 013.

[18] M. L. Warren, M. Meixner, G. Mathews, J. Hidaka, and T.
Kajino, Phys. Rev. D 90, 103007 (2014).

[19] C. A. Argiielles, V. Brdar, and J. Kopp, Phys. Rev. D 99,
043012 (2019).

[20] T. Fischer, N.-U. F. Bastian, M.-R. Wu, P. Baklanov, E.
Sorokina, S. Blinnikov, S. Typel, T. Klihn, and D.B.
Blaschke, Nat. Astron. 2, 980 (2018).

[21] T. Rembiasz, M. Obergaulinger, M. Masip, M. A. Pérez-
Garcia, M.-A. Aloy, and C. Albertus, Phys. Rev. D 98,
103010 (2018).

[22] Z. Xiong, M.-R. Wu, and Y.-Z. Qian, Astrophys. J. 880, 81
(2019).

[23] A.M. Suliga, I. Tamborra, and M.-R. Wu, J. Cosmol.
Astropart. Phys. 12 (2019) 019.

[24] V. Syvolap, O. Ruchayskiy, and A. Boyarsky, arXiv:
1909.06320.

[25] S. Shalgar, I. Tamborra, and M. Bustamante, Phys. Rev. D
103, 123008 (2021).

[26] L. Mastrototaro, A. Mirizzi, P. D. Serpico, and A. Esmaili,
J. Cosmol. Astropart. Phys. 01 (2020) 010.

[27] A.M. Suliga, I. Tamborra, and M.-R. Wu, J. Cosmol.
Astropart. Phys. 08 (2020) 018.

[28] J. Tang, T. Wang, and M.-R. Wu, J. Cosmol. Astropart.
Phys. 10 (2020) 038.

[29] A.M. Suliga and I. Tamborra, Phys. Rev. D 103, 083002
(2021).

[30] T. Fischer, M.-R. Wu, B. Wehmeyer, N.-U. F. Bastian,
G. Martinez-Pinedo, and F.-K. Thielemann, Astrophys. J.
894, 9 (2020).

[31] K. Hirata et al., Phys. Rev. Lett. 58, 1490 (1987).

[32] R. M. Bionta et al., Phys. Rev. Lett. 58, 1494 (1987).

[33] E. Alexeyev, L. Alexeyeva, I. Krivosheina, and V.
Volchenko, Phys. Lett. B 205, 209 (1988).

[34] S. Al Kharusi et al. (SNEWS Collaboration), New J. Phys.
23, 031201 (2021).

[35] K. Scholberg, J. Phys. G 45, 014002 (2018).

[36] J. F. Beacom, Annu. Rev. Nucl. Part. Sci. 60, 439 (2010).

[37] C. Lunardini, Astropart. Phys. 79, 49 (2016).

[38] E. Vitagliano, I. Tamborra, and G. Raffelt, Rev. Mod. Phys.
92, 045006 (2020).

[39] K. Bays et al. (Super-Kamiokande Collaboration), Phys.
Rev. D 85, 052007 (2012).

[40] H. Zhang et al. (Super-Kamiokande Collaboration), As-
tropart. Phys. 60, 41 (2015).

[41] K. Abe et al. (Super-Kamiokande Collaboration), Phys.
Rev. D 104, 122002 (2021).

[42] J.F. Beacom and M.R. Vagins, Phys. Rev. Lett. 93,
171101 (2004).

[43] F. An et al. (JUNO Collaboration), J. Phys. G 43, 030401
(2016).

[44] J. F. Beacom et al. (Jinping Collaboration), Chin. Phys. C
41, 023002 (2017).

[45] K. Abe et al. (Hyper-Kamiokande Collaboration), arXiv:
1805.04163.

[46] J. Sawatzki, M. Wurm, and D. Kresse, Phys. Rev. D 103,
023021 (2021).

[47] J. F. Beacom and L. E. Strigari, Phys. Rev. C 73, 035807
(2006).

[48] B. Aharmim et al. (SNO Collaboration), Phys. Rev. D 102,
062006 (2020).

[49] G. Zhu, S. W. Li, and J. E. Beacom, Phys. Rev. C 99,
055810 (2019).

[50] K. Mgller, A. M. Suliga, I. Tamborra, and P. B. Denton,
J. Cosmol. Astropart. Phys. 05 (2018) 066.

[51] C. Lunardini and O. L. Peres, J. Cosmol. Astropart. Phys.
08 (2008) 033.

[52] M. Aglietta et al., Astropart. Phys. 1, 1 (1992).

[53] Z. Tabrizi and S. Horiuchi, J. Cosmol. Astropart. Phys. 05
(2021) 011.

[54] D. Akimov et al. (COHERENT Collaboration), Science
357, 1123 (2017).

[55] E. Armengaud et al. (EDELWEISS Collaboration), Phys.
Lett. B 702, 329 (2011).

[56] G. Angloher et al., Eur. Phys. J. C 72, 1971 (2012).

[57] H.B. Li et al. (TEXONO Collaboration), Phys. Rev. Lett.
110, 261301 (2013).

[58] P. A. Amaudruz et al. (DEAP-3600 Collaboration), Phys.
Rev. Lett. 121, 071801 (2018).

[59] P. Agnes et al. (DarkSide Collaboration), Phys. Rev. Lett.
121, 081307 (2018).

[60] R. Agnese et al. (SuperCDMS Collaboration), Phys. Rev.
Lett. 121, 051301 (2018); 122, 069901(E) (2019).

[61] D.S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.
122, 131301 (2019).

[62] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
121, 111302 (2018).

[63] Y. Meng et al. (PandaX-4T Collaboration), Phys. Rev.
Lett. 127, 261802 (2021).

[64] J. Vergados and H. Ejiri, Nucl. Phys. B804, 144
(2008).

[65] L. E. Strigari, New J. Phys. 11, 105011 (2009).

[66] J. Billard, L. Strigari, and E. Figueroa-Feliciano, Phys.
Rev. D 89, 023524 (2014).

[67] L. Baudis, A. Ferella, A. Kish, A. Manalaysay, T.
Marrodan Undagoitia, and M. Schumann, J. Cosmol.
Astropart. Phys. 01 (2014) 044.

[68] F. Ruppin, J. Billard, E. Figueroa-Feliciano, and L.
Strigari, Phys. Rev. D 90, 083510 (2014).

[69] C. A.J. O’Hare, Phys. Rev. D 94, 063527 (2016).

[70] C. Beehm, D. Cerdefio, P. Machado, A. Olivares-Del
Campo, E. Perdomo, and E. Reid, J. Cosmol. Astropart.
Phys. 01 (2019) 043.

043008-11



SULIGA, BEACOM, and TAMBORRA

PHYS. REV. D 105, 043008 (2022)

[71] E. Aprile et al. (XENON Collaboration), Eur. Phys. J. C
77, 881 (2017).

[72] E. Aprile et al. (XENON Collaboration), J. Cosmol.
Astropart. Phys. 11 (2020) 031.

[73] D.S. Akerib et al. (LZ Collaboration), Nucl. Instrum.
Methods A 953, 163047 (2020).

[74] J. Aalbers et al. (DARWIN Collaboration), J. Cosmol.
Astropart. Phys. 11 (2016) 017.

[75] L. Pattavina, N. Ferreiro Iachellini, and I. Tamborra, Phys.
Rev. D 102, 063001 (2020).

[76] C. Kochanek, J. Beacom, M. Kistler, J. Prieto, K. Stanek, T.
Thompson, and H. Yuksel, Astrophys. J. 684, 1336 (2008).

[77] A. Lien, B. D. Fields, and J. F. Beacom, Phys. Rev. D 81,
083001 (2010).

[78] J. Gerke, C. Kochanek, and K. Stanek, Mon. Not. R.
Astron. Soc. 450, 3289 (2015).

[79] T. Sukhbold, T. Ertl, S. Woosley, J. M. Brown, and H. T.
Janka, Astrophys. J. 821, 38 (2016).

[80] T. Ertl, H.T. Janka, S. Woosley, T. Sukhbold, and M.
Ugliano, Astrophys. J. 818, 124 (2016).

[81] S. Adams, C. Kochanek, J. Gerke, K. Stanek, and X. Dai,
Mon. Not. R. Astron. Soc. 468, 4968 (2017).

[82] S. Adams, C. Kochanek, J. Gerke, and K. Stanek, Mon.
Not. R. Astron. Soc. 469, 1445 (2017).

[83] B. Davies and E. Beasor, Mon. Not. R. Astron. Soc. 496,
L142 (2020).

[84] S. Horiuchi, J. E. Beacom, and E. Dwek, Phys. Rev. D 79,
083013 (2009).

[85] C. Lunardini and I. Tamborra, J. Cosmol. Astropart. Phys.
07 (2012) 012.

[86] K. Nakazato, E. Mochida, Y. Niino, and H. Suzuki,
Astrophys. J. 804, 75 (2015).

[87] D. Kresse, T. Ertl, and H.-T. Janka, Astrophys. J. 909, 169
(2021).

[88] S. Horiuchi, T. Kinugawa, T. Takiwaki, K. Takahashi, and
K. Kotake, Phys. Rev. D 103, 043003 (2021).

[89] Garching core-collapse supernova archive,
wwwmpa.mpa-garching. mpg.de/ccsnarchive/.

[90] W.-Q. Zhang, S. E. Woosley, and A. Heger, Astrophys. J.
679, 639 (2008).

[91] P. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[92] H. Yuksel, M. D. Kistler, J. F. Beacom, and A. M. Hopkins,
Astrophys. J. Lett. 683, L5 (2008).

[93] E. E. Salpeter, Astrophys. J. 121, 161 (1955).

[94] S.J. Smartt, J.J. Eldridge, R.M. Crockett, and J.R.
Maund, Mon. Not. R. Astron. Soc. 395, 1409 (2009).

[95] W. Li, J. Leaman, R. Chomock, A.V. Filippenko, D.
Poznanski, M. Ganeshalingam, X. Wang, M. Modjaz, S.
Jha, R.J. Foley, and N. Smith, Mon. Not. R. Astron. Soc.
412, 1441 (2011).

[96] S. Horiuchi, J.F. Beacom, C.S. Kochanek, J. L. Prieto,
K.Z. Stanek, and T. A. Thompson, Astrophys. J. 738, 154
(2011).

[97] M. T. Botticella, S.J. Smartt, R.C. Kennicutt, Jr., E.
Cappellaro, M. Sereno, and J. C. Lee, Astron. Astrophys.
537, A132 (2012).

[98] S. Mattila, T. Dahlen, A. Efstathiou, E. Kankare,
J. Melinder, A. Alonso-Herrero, M. A. Pérez-Torres,

https://

S. Ryder, P. Viisinen, and G. Ostlin, Astrophys. J. 756,
111 (2012).

[99] M. Taylor, D. Cinabro, B. Dilday, L. Galbany, R. R. Gupta,
R. Kessler, J. Marriner, R. C. Nichol, M. Richmond, D. P.
Schneider, and J. Sollerman, Astrophys. J. 792, 135
(2014).

[100] L.-G. Strolger, T. Dahlen, S. A. Rodney, O. Graur, A. G.
Riess, C. McCully, S. Ravindranath, B. Mobasher, and
A. K. Shahady, Astrophys. J. 813, 93 (2015).

[101] C. Lunardini, Phys. Rev. Lett. 102, 231101 (2009).

[102] S. Ando, Phys. Lett. B 570, 11 (2003).

[103] G.L. Fogli, E. Lisi, A. Mirizzi, and D. Montanino, Phys.
Rev. D 70, 013001 (2004).

[104] A. De Gouvéa, I. Martinez-Soler, Y. F. Perez-Gonzalez,
and M. Sen, Phys. Rev. D 102, 123012 (2020).

[105] H. Goldberg, G. Perez, and I. Sarcevic, J. High Energy
Phys. 11 (2006) 023.

[106] J. Baker, H. Goldberg, G. Perez, and L. Sarcevic, Phys. Rev.
D 76, 063004 (2007).

[107] Y. Farzan and S. Palomares-Ruiz, J. Cosmol. Astropart.
Phys. 06 (2014) 014.

[108] Y.S. Jeong, S. Palomares-Ruiz, M.H. Reno, and L
Sarcevic, J. Cosmol. Astropart. Phys. 06 (2018) 019.

[109] A.D. Dolgov, S.H. Hansen, G. Raffelt, and D.V.
Semikoz, Nucl. Phys. B590, 562 (2000).

[110] N. Vinyoles, A. M. Serenelli, F. L. Villante, S. Basu, J.
Bergstrom, M. Gonzalez-Garcia, M. Maltoni, C. Peiia
Garay, and N. Song, Astrophys. J. 835, 202 (2017).

[111] G. Battistoni, A. Ferrari, T. Montaruli, and P. Sala,
Astropart. Phys. 19, 269 (2003); 19, 291(E) (2003).

[112] J. L. Newstead, R. F. Lang, and L. E. Strigari, Phys. Rev. D
104, 115022 (2021).

[113] D.Z. Freedman, Phys. Rev. D 9, 1389 (1974).

[114] D.K. Papoulias and T.S. Kosmas, Phys. Rev. D 97,
033003 (2018).

[115] K. Scholberg, J. Phys. Conf. Ser. 1468, 012126 (2020).

[116] R. H. Helm, Phys. Rev. 104, 1466 (1956).

[117] J. Engel, Phys. Lett. B 264, 114 (1991).

[118] T. Kozynets, S. Fallows, and C. B. Krauss, Astropart. Phys.
105, 25 (2019).

[119] K. Scholberg, Phys. Rev. D 73, 033005 (2006).

[120] E. Aprile, C. E. Dahl, L. DeViveiros, R. Gaitskell, K. L.
Giboni, J. Kwong, P. Majewski, K. Ni, T. Shutt, and M.
Yamashita, Phys. Rev. Lett. 97, 081302 (2006).

[121] T. Shutt, C. E. Dahl, J. Kwong, A. Bolozdynya, and P.
Brusov, Nucl. Instrum. Methods Phys. Res., Sect. A 579,
451 (2007).

[122] P. Sorensen and C.E. Dahl, Phys. Rev. D 83, 063501
(2011).

[123] M. Schumann, L. Baudis, L. Biitikofer, A. Kish, and M.
Selvi, J. Cosmol. Astropart. Phys. 10 (2015) 016.

[124] E. Aprile et al. (XENON Collaboration), J. Cosmol.
Astropart. Phys. 04 (2016) 027.

[125] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
126, 091301 (2021).

[126] C.A.]. O’Hare, A.M. Green, J. Billard, E. Figueroa-
Feliciano, and L.E. Strigari, Phys. Rev. D 92, 063518
(2015).

[127] S.E. Vahsen et al., arXiv:2008.12587.

043008-12



TOWARDS PROBING THE DIFFUSE SUPERNOVA NEUTRINO ...

PHYS. REV. D 105, 043008 (2022)

[128] G.J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873
(1998).

[129] R.E. Lang, C. McCabe, S. Reichard, M. Selvi, and I
Tamborra, Phys. Rev. D 94, 103009 (2016).

[130] D. Khaitan (LZ Collaboration), J. Instrum. 13, C02024
(2018).

[131] N. Raj, V. Takhistov, and S.J. Witte, Phys. Rev. D 101,
043008 (2020).

[132] N. Raj, Phys. Rev. Lett. 124, 141802 (2020).

[133] M. Honda, T. Kajita, K. Kasahara, and S. Midorikawa,
Phys. Rev. D 83, 123001 (2011).

[134] C.A.J. O’'Hare, Phys. Rev. D 102, 063024 (2020).

[135] E. O’Connor et al., J. Phys. G 45, 104001 (2018).

[136] H.T. Janka, arXiv:1702.08713.

[137] C. Giunti and C.W. Kim, Fundamentals of Neutrino
Physics and Astrophysics (Oxford University Press, Ox-
ford, 2007), pp. 136-142.

[138] K. Langanke, P. Vogel, and E. Kolbe, Phys. Rev. Lett. 76,
2629 (1996).

[139] J.F. Beacom and P. Vogel, Phys. Rev. D 58, 053010
(1998).

[140] B. Armbruster et al., Phys. Lett. B 423, 15 (1998).

[141] R. Laha and J. F. Beacom, Phys. Rev. D 89, 063007 (2014).

[142] J.-8. Lu, Y.-F. Li, and S. Zhou, Phys. Rev. D 94, 023006
(2016).

[143] L. Pattavina et al. (RES-NOVA Collaboration), J. Cosmol.
Astropart. Phys. 10 (2021) 064.

[144] J. W. Beeman et al., Eur. Phys. J. A 49, 50 (2013).

043008-13



