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Extreme astrophysical environments provide unique laboratories for testing fundamental neutrino
interactions. We present the first oscillation-independent astrophysical probe of nonstandard neutrino
interactions (NSI), using coincident neutral-current signals across diverse detectors to break degeneracies
that have long limited sensitivity reach. Using self-consistent NSI supernova simulations and flavor-
independent neutral-current scattering we show that anticorrelated signatures between JUNO liquid
scintillator and dark matter detectors such as DARWIN/XLZD, ARGO, or RES-NOVA enable clear
discrimination between NSI and flavor-conversion effects. For a Galactic supernova at Betelgeuse distance
our approach enables an independent probe of neutrino-quark NSI couplings in parameter space that can
reach and extend beyond current terrestrial limits. This multidetector approach enables breaking
degeneracies in terrestrial searches and is broadly applicable to a wide range of upcoming experiments,
establishing a new principle for testing fundamental interactions with astrophysical data.
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Introduction. The detection of neutrinos from supernova
(SN) 1987A [1-3] established multimessenger astronomy of
transient events. While only a handful of , were observed,
the subsequent discovery of neutrino masses through obser-
vation of neutrino oscillations in solar and atmospheric
neutrino fluxes [4,5] demonstrated physics beyond the
Standard Model (SM) in the neutrino sector. New funda-
mental “nonstandard neutrino interactions” (NSI) with matter
[6-8] arise in many theories and can strongly affect neutrinos
in core-collapse supernovae (CCSNe) [9-21]. Terrestrial
probes constrain neutrino-quark NSI primarily through their
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effects on the neutrino oscillations, e.g., Ref. [22] or coherent
elastic nucleus-neutrino scattering [23-27].

The extreme conditions of CCSN comprising a dense,
hot and degenerate environment constitute an ideal labo-
ratory for probing fundamental neutrino properties [28-33].
Neutrino-quark NSI can strongly affect CCSN emission
during the preneutronization phase preceding the neutroni-
zation burst [34]. Within <1 kpc over 30 candidate
progenitors that could undergo core collapse in the coming
decades have already been identified [35]. Among the
closest is Betelgeuse (a-Ori), with mass 16.5 — 19M
and distance 168:257 pc [36]. Detecting this early “pre-
SN’ neutrino signal is of particular interest, and a dedicated
early-warning system has recently been implemented by
Super-Kamiokande and KamLLAND [37].

In this work we introduce the first astrophysical method
to probe NSI independently of flavor conversions in CCSN
using neutral-current (NC) coincidence signatures across
pairs of detectors. Distinct flavor-independent NC channels,
exhibiting opposite responses in different experiments,
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produce anticorrelated signatures that break cross section
and luminosity degeneracies limiting single-channel studies.
We demonstrate this with self-consistent CCSN simulations
that incorporate NSI effects on neutrino opacities in the
protoneutron star and propagate the resulting fluxes to
predict observable signatures in terrestrial detectors.

Nonstandard neutrino interactions. We consider vector NC
neutrino NSI generated by a heavy mediator, described by
the effective four-fermion interaction Lagrangian [6,8]

Lxsi = _2\/§GF€£/\1/ Bar " vpr) (f7,1) (1)

where G = 1.1664 x 10~ GeV~2 is the Fermi constant,
a, f = e, u, T represent neutrino flavors, and f = u, d are
the quark fields. Here, we consider NSI interactions
exclusively with first-generation quarks. Further, we
focus on flavor-conserving diagonal positive NSI, with
a = f3, interacting with all neutrino flavors v,, v, and v,.
We take the NSI couplings between neutrinos and quarks
enld) — €:f<;d)v _ GZ/gd)V _ 61-:-501)‘/.

We implement NSI effects on interaction cross sections
assuming that only one quark coupling is nonzero at a time,
if e # 0, then ¢? = 0, and vice versa. Since we consider
flavor-universal diagonal NSI couplings, we do not antici-
pate modifications to Mikheyev-Smirnov-Wolfenstein [6,38]
flavor-conversion probabilities inside CCSN, contrary to
studies focused on a single-flavor NSI coupling [16,39]. In
addition, constraints from existing terrestrial oscillation
experiments do not directly apply.

Neutral-current processes. In the following we focus on
NC neutrino interactions and examine the impact of NSI on
both coherent elastic neutrino-nucleus scattering (CEvNS)
and elastic neutrino-proton scattering. The differential
CEwNS cross section for X(A,Z) +v — X(A,Z) +v in
the SM is [40]

mer
2E?

doyy Gimy _, 2
T I (1) P, @
where E, is the incoming neutrino energy, heavy nucleus
X(A,Z) mass is my ~931.5A MeV with A and Z being,
respectively, the nucleus mass and atomic numbers,
Ow = [N — Z(1 — 4sin*(0y))] is the SM weak charge,
sin” @y, = 0.23863 is the weak mixing angle at low
momentum transfer [41], N is the neutron number and
E, is the nuclear recoil energy. For low momentum transfer
the scattering is fully coherent with F(Q) ~ 1, but at higher
0 = /2myE, finite-size effects need to be included; to
account for them, we adopt the Helm form factor [42].
The presence of NSI modifies the CEvNS cross section
through the weak charge, which for NSI takes the form
ONS! = —2[Z(2¢" + €?) + N(e* + 2¢?)]. This gives an

effective charge of O}, = Qy + O)°. The corresponding
cross section o' is then obtained by replacing Qy, with
w in Eq. (2). The ratio of the NSI-modified and SM cross
sections is then o0 /o>¥ = Q% 0%,
The SM neutrino-proton elastic scattering v-p cross
section for SN neutrino energies is given by [43,44]

doy, G}%mp
dE,  2rnE}

(BE; + C(E, — E,)* — Dm,E,), (3)

where E, is the proton recoil energy, m,, is the proton mass,
and the coefficients are B = (cy + c4)?, C = (cy — ¢c4),
and D = (¢ — ¢3) with ¢, ~0.02, ¢4, = 1.27/2 for neu-
trinos and ¢4 = —1.27/2 for antineutrinos. The modifica-
tion to the SM 6, cross section due to vector NSI can be
accounted for by replacing ¢y with ¢}, = ¢y + 2¢* + €.
Unlike CEUNS, however, the ratio of the NSI-modified and
the unmodified SM cross sections for v-p scattering is
energy dependent.

Additional NC channels can also complement our analy-
sis. In water Cherenkov detectors, inelastic neutrino scatter-
ing on %0 produces deexcitation y rays below 10 MeV and
has been proposed as a probe of SN v, and v, fluxes [45].
Although this signal is obscured by the inverse beta decay
background, neutron tagging with gadolinium in Super-
Kamiokande [46] can facilitate postprocessing analyses to
identify it. Further, potentially promising NC channels from
40Ar targets in the DUNE liquid argon time projection
chamber detector [47] have been put forth [48,49].

Supernova neutrino emission. The standard scenario of the
CCSN begins with the infall phase, when the inner core
approaches the Chandrasekhar mass and electron degen-
eracy pressure can no longer provide support against
gravity. Rapid collapse leads to enhanced electron neutrino
emission primarily from electron captures on nuclei. Once
the density reaches approximately a few times 10'' gcm™3,
the neutrino diffusion timescale exceeds the collapse
timescale, and neutrinos become trapped through frequent
direction-changing scattering off nuclei. This results in a
distinct preneutronization peak in the neutrino emission
signal.

To analyze the impact of NSI on SN neutrino emission,
we model the neutrino signal using the 1D CCSN simu-
lation code GRID [50,51] together with NuLib code [52] for
neutrino opacities. For both the SM and NSI scenarios we
include the dominant neutrino-nucleus processes, which
are electron captures on nuclei and nucleons, and CEvNS.
We adopt a 15M  progenitor with solar metallicity [53] as
our benchmark model. We use the output luminosity of
nonelectron neutrinos from the simulation as the sum of all
four species v,, v,, 7, and 7.

Modifications from NSI to the CEvNS cross section can
significantly alter the shape of the CCSN preneutronization
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FIG. 1. All-flavor neutrino luminosity in the observer frame as a
function of postbounce time from our one-dimensional GRID
CCSN simulations with (dashed) and without (solid blue) NSI.
The NSI effects correspond to € < (.16, where there is a negative
interference with the SM contribution for CEvNS, while the solid

: H u NSI / .SM _
line represents the SM case with € = 0 and 0,5, /o)p. = 1.

neutrino peak [34]. We focus on NSI mediated by heavy
particles with masses above a few hundred MeV. Hence,
the on-shell production of such particles in the core is
negligible since the temperature during infall reaches
only ~15 MeV.

In Fig. 1 we show the luminosities of all neutrino flavors
from CCSN simulations with and without NSI effects.
During the preneutronization burst the luminosity increases
in the NSI cases compared to the SM case. The luminosity
increase originates from a significantly smaller CEvNS
cross section when NSI are present and the fact that heavy
nuclei dominate the matter composition of the SN core
during that phase (see also Fig. S2 in Supplemental
Material [54] and references therein [30,55-60]). After
core bounce, the luminosities in both cases become nearly
identical because nucleons dominate the matter composi-
tion and NSI have a significantly smaller impact on their
cross sections than for heavy nuclei (see also Fig. S1 in
Supplemental Material [54]). By contrast, variations in
electron capture rates in hot SN matter can modify to a
similar degree both the preburst and neutronization peaks
by ~20%-30% [52]. Therefore, this uncertainty is not
crucial in our case, as we expect a very different degree of
change in preburst and neutronization peaks. These con-
siderations highlight the need for multidetector, multichan-
nel strategies to robustly identify NSI signatures.

To obtain the time-dependent neutrino flux we consider
the postbounce time (#,,) luminosities L,/ﬁ(tpb), mean
energies (E, ) and mean-squared energies (E,,ﬂ(tpb)2> for
each flavor f = {v,.70,.4v,}, with v, = {v,.0,,v,.7,}.

The flavor-summed flux from CCSN at distance D is then

dl//(ED) _ Z Lu/;(tpb) ¢u/;(Ew tpb)

D (B )Y

pb B

where E, is the neutrino energy. The spectral shape is
approximated by a pinched distribution [61], where we
adopt the pinching parameter az = 2.3 corresponding to a
Fermi-Dirac distribution. We use these fluxes to compute
signal event rates in experiments.

Experimental signatures. To disentangle the effects of NSI
from those of neutrino flavor conversion in the CCSN core
[62—64] we focus on NC detection channels that are to good
approximation equally sensitive to all flavors. We consider
signatures in both CEvNS and elastic v-p scattering. For
CEvNS, large-scale dark matter (DM) detectors are espe-
cially promising owing to their low thresholds, scalable
volumes and heavy nuclei. The detection of CCSN neu-
trinos in such experiments has been extensively studied
[65-68], including sensitivity to pre-SN neutrinos [69].
Low mediator mass NSI SN detection in large xenon-based
DM and lead-based detectors was studied in [18]. In
contrast, v-p elastic scattering can be efficiently observed
in liquid scintillator detectors [43,44], which combine
sizable volumes with low energy thresholds and excellent
energy resolution.

For our analysis we consider a variety of experimental
detector configurations, as described in Table 1. These
follow proposals for near-future experiments based on
xenon such as DARWIN [70]/XLZD [71], based on argon
such as ARGO [72] as well as based on lead such as RES-
NOVA [73,74]. We consider JUNO [75,76], that is already
operating, as a representative carbon-based liquid scintil-
lator detector.

The expected event rate in CEvNS or v-p elastic
scattering for a given detector (det) is

dR g / B doy(x.p)
= Nre(E dE :
dtydE, re(Er) o Y dE,
dy(E
x WE) g s _ ). (5)
diyy

where N is the number of interaction targets (X nuclei
type for CEUNS or protons in the case of elastic v-p
scattering), ¢(E,) is the detection efficiency and © is the
Heaviside step function. The average energies of the CCSN
neutrinos are between approximately 10 and 18 MeV;
therefore, E™" is the minimal neutrino energy to cause the
recoil above observable threshold in the corresponding
detector, and E}™ =75 MeV. The maximum recoil
energy is EM* = 2E2/(my +2E,), with my = my for
CEwNS and my = m,, for v-p scattering. For v-p scattering
we also include the quenching of the proton recoil energy
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TABLE I. Number of expected detected events from Betelgeuse CCSN at D = 0.2 kpc in the time windows used in the statistical
analysis for NSI and for SM in the characteristic target detectors considered. We consider one coupling at a time with ¢ = 0.158
(e? = 0) or ¢ = 0.150 (¢" = 0) resulting in the ratio for CELNS o3l /65M = 0.01. The effective volumes and energy ranges of each
detector are also shown. For the calculation of the event rates in the xenon-based detectors we include the energy-dependent efficiency
from XENONIT [77]. The cross section ratios refer to CEvNS for the DM detectors (target materials xenon, lead, and argon) and
v-p elastic scattering for JUNO (target material protons). We also list the assumed 1o uncertainties in the SM cross sections (uncertainty
SM X-sec) and CCSN neutrino flux (uncertainty SN flux); see Supplemental Material Sec. C [54] for further discussion of the
uncertainties. Due to the neutrino energy dependence of the ratio of the NSI-modified and the unmodified SM cross sections for
v-p scattering, we quote an upper projection bound value in the ratio column representing the largest expected value for neutrino

energies expected from CCSN. For example for E, = 15 MeV this is approximately 1.06 (¢“ # 0) and 1.02 (e # 0).

Uncertainty ~ Uncertainty o™ /oM NS/ oSM ST NS
Detector (target) Target mass (tons) Energy range (keV) SM X-sec (%) SN flux (%) [e* =0.158] [e? =0.150] N5M  [e" =0.158] [¢¢ = 0.150]
DARWIN (Xe) 40 1-50 10 15 0.047 0.027 151 8.8 5.06
RES-NOVA (Pb) 465 1-50 10 15 0.063 0.033 22731.6 2539.8 1317.9
ARGO (Ar) 300 25-1000 10 15 0.018 0.015 104.4 1.07 0.87
JUNO (p) 20 000 200-10 000 10 15 <1.15 <1.05 1802 8354 8685

due to scattering in the scintillator medium, following
Refs. [44,75,78]. On the timescales relevant to the
O(10) ms burst signal duration typical backgrounds are
negligible.

Correlated signal detection. Figure 2 shows the time-
dependent event rates for a Betelgeuse CCSN at D =
0.2 kpc in a xenon-based DARWIN detector (left) and the
JUNO liquid scintillator detector (right). The upper panels
compare the SM prediction (blue) with two NSI bench-
marks in which only one coupling is switched on at a time:
€' =0.158 (¢/=0) (green, dashed) or e?=0.150
(e* = 0) (orange, solid). Although these benchmark cou-
plings lie outside currently allowed regions, they are useful

— SMumode X ~_

= 2| NSImodel [Xe]
y 10 W/Qly e =0
5
£ 10
Ao
3

1072
Z 107
=
z 10°
~
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for illustrating the characteristic NSI imprint on the event
rates. Table I lists the NSI couplings employed in Fig. 2,
considered signal energy ranges, and assumed detector
specifications. For CEUNS the suppression factor 6™! /g5M
is fixed by the chosen € and nuclear target, whereas for v-p
scattering the corresponding ratio retains energy depend-
ence. The lower panels show residuals of NSI rates relative
to the SM predictions, calculated as the absolute difference
between the SM and NSI rates.

In DARWIN the NSI event rate is suppressed compared
to SM prediction. Although the neutrino luminosity during
the preneutronization burst is nearly 4 times larger the
CEvNS cross section for xenon is suppressed by about a
factor of 22. For the other CEvUNS detectors considered,

10000 ' rrrrrrrrrrrrrr ]

[ — SM model [p] .
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FIG. 2. Top panels: signal event rates for a Betelgeuse CCSN at D = 0.2 kpc in a xenon-based CEvNS detector such as DARWIN
(left) and a liquid-scintillator detector such as JUNO (right). The SM prediction is shown in blue, while NSI benchmarks with one
coupling active at a time are shown in orange e? = 0.150 (¢* = 0) and green € = 0.158 (¢ = 0), as listed in Table I. Bottom panels:
residuals of the NSI event rates relative to the SM predictions. The gray dotted line indicates a 25% uncertainty in the SM rates.
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FIG. 3.

Left panel: statistical significance (Ay?) for constraining neutrino-quark NSI as a function of e with individual detectors such

as JUNO (green circles), DARWIN (pink stars), ARGO (orange triangles) and RES-NOVA (blue crosses), assuming Betelgeuse
supernova at D = 0.2 kpc. Right panel: combined Ay? for detector pairs JUNO + ARGO (orange triangles), JUNO + DARWIN (pink
stars), and JUNO+RES-NOVA (blue crosses). In all cases we adopt a supernova flux normalization uncertainty o, = 0.15, v-p cross

section uncertainty ¢, = 0.1, and CEYNS cross section uncertainty ¢, = 0.1. The vertical blue bands mark the 26 (darker) and 3o
(lighter) allowed regions for €}, = €, from COHERENT CslI 4 LAr data adopted from Ref. [79].

Hp

ARGO and RES-NOVA, the NSI impact is similar to
DARWIN, with consistently reduced rates (see Fig. S3 in
Supplemental Material [54]). In contrast, in JUNO the NSI
event rate during the burst exceeds the SM case, reflecting a
small positive modification to the v-p cross section.

We evaluate the statistical significance with which a
future detection of supernova neutrinos in JUNO and a
large-scale DM detector could constrain the NSI parameter
space using Ay? test. Our analysis includes uncertainties as
nuisance parameters for deriving sensitivities. For the
details see Supplemental Material Sec. C [54].

The left panel of Fig. 3 shows the individual detector
Ay? values for JUNO, ARGO, DARWIN and RES-NOVA
as a function of ¢*. We also display allowed regions at 2¢
and 30 from COHERENT Csl + LAr data [23,24] adopted
from Ref. [79] (see also, e.g., [80,81]). The panel also
illustrates for which values of ¢ the detectors with different
target materials are individually not sensitive to NSI due to
the degeneracy of the SM CEvNS cross sections. Since
for a given value of the ¢ the cross sections for various
target materials are different (see Fig. S1 in Supplemental
Material [54]), and the energy thresholds of various
detectors are also distinct, the sensitivity of each of these
detectors for a given NSI e value is different.

We explicitly demonstrate in the right panel of Fig. 3
that multidetector coincidence detection in JUNO with
ARGO, JUNO with DARWIN and JUNO with RES-
NOVA are advantageous compared to individual detector
observations. This reflects the anticorrelation discussed
earlier. While NSI increase the signal rates in JUNO, they

decrease signal rates in CEvNS DM detectors for most of
the considered €* values. Our sensitivity projections for
detected CCSN neutrinos from Betelgeuse allow inde-
pendently probing the parameter space of terrestrial-based
COHERENT CsI + LAr limits. Notably, combinations of
JUNO + ARGO and JUNO+RES-NOVA allow exclusion
of the region at more than the 3¢ level where COHERENT
sensitivity is restricted and degenerate around €" = 0.4. We
have verified that increasing the distance to CCSN to 1 kpc
and increasing the assumed uncertainties do not signifi-
cantly affect our findings (see Fig. S4 in Supplemental
Material [54]).

Our analysis is complementary to other NSI probes
and DM detectors have also been identified as excellent
targets for probing NSI with solar neutrinos [18,82-88].
Recent > 2.5¢ observations of solar neutrinos by
XENONNT [89] and PandaX-4T [90] also allow con-
straining NSI couplings [91-96] at a level comparable to
the COHERENT CsI+ LAr bounds already shown in
Fig. 3. Future CEvNS detectors should also achieve
superior sensitivity to the NSI (see, e.g., Refs. [97-99]).
Our results would then serve as a complementary probe.

In the context of SM effective field theory NSI analysis
such as Ref. [100], which uses flavor-preserving NSI
constraints from neutrino oscillation experiments, or
Ref. [101], which combines COHERENT constraints with
other electroweak measurements, the degenerate region of
the parameter space near ¢ ~ 0.4 is generally disfavored.
However, it is worthwhile to note that these limits assume
either a single active flavor coupling or a clear distinction
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between couplings of different flavors or charged-current
NSI acting at the same time or couplings to charged leptons.
In the case of a neutral-current democratic NSI neutrino-
quark coupling scenario explored in our work, the appli-
cability of these bounds is consequently limited.

We expect that extending our bottom-up approach focused
on positive diagonal democratic NSI couplings to negative
couplings would lead to less stringent sensitivity limits. In
such a case, both the CEvNS cross section and v-p cross
section would be affected in the same direction, and the gain
from using detectors with these interaction channels would
be smaller.

Conclusions. Using self-consistent modeling we show
neutrino-quark NSI alter preneutronization supernova
emission yielding oscillation-independent NC imprints.
Coincidence detection between liquid scintillator JUNO
and DM experiments such as DARWIN/XLZD, ARGO or
RES-NOVA exploiting opposing NSI effects on v-p and
CEvNS event rates allows independent tests of NSI
couplings in the €" ~0.035-0.4 range potentially beyond
terrestrial limits for a Galactic supernova within ~1 kpc,
breaking degeneracies with the SM effects plaguing con-
ventional searches. More broadly, our results establish
multidetector supernova neutrino observations as pre-
cision laboratories for fundamental neutrino interactions
complementary to and in some regimes surpassing terres-
trial searches. This method is broadly applicable to a wide

range of upcoming experiments and introduces a new
principle for testing fundamental interactions in extreme
astrophysical environments beyond terrestrial searches in
degenerate regimes.
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