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The exciting possibility of detecting supernova, solar, and atmospheric neutrinos with coherent neutrino-
nucleus scattering detectors is within reach, opening up new avenues to probe new physics. We explore the
possibility of constraining nonstandard coherent neutrino-nucleus scattering through astrophysical
neutrinos. Sensitivity bounds on the mass and coupling of the new mediator are obtained by inspecting
the modifications induced by the new interaction on the recoil rate observable in the upcoming RES-NOVA
and DARWIN facilities. Under the assumption of optimal background tagging, the detection of neutrinos
from a galactic supernova burst, or one-year exposure to solar and atmospheric neutrinos, will place the
most stringent bounds for mediator couplings ¢ > 10~ and mediator masses between 1 and 100 MeV.
A similar, but slightly improved, potential to COHERENT will be provided for larger mediator masses.
In particular, RES-NOVA and DARWIN may potentially provide one order of magnitude tighter
constraints than XENONIT on the mediator coupling. Nonstandard coherent neutrino-nucleus scattering
may also force neutrinos to be trapped in the supernova core; this argument allows us to probe the region
of the parameter space with g > 10~*, which is currently excluded by other coherent neutrino-nucleus

scattering facilities or other astrophysical and terrestrial constraints.
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I. INTRODUCTION

Coherent elastic neutrino-nucleus scattering (CEvNS)
[1] has recently been observed by the COHERENT
Collaboration [2,3], despite the challenges due to the
low recoil energy [4]. Such a measurement is of paramount
importance to test standard physics, but, above all, it opens
new avenues to probe physics beyond the Standard Model
(SM) [4-29].

Coherent elastic neutrino-nucleus scattering is also at
the core of direct detection dark matter experiments, such
as XENONIT [30], LUX [31], XMASS [32], and the
upcoming XENONNT [33], LZ [34], and DARWIN [35].
The advantage of CEvNS is the coherently enhanced
cross section at low recoil energy coming from the square
of the neutron number of the nucleus [36]. For this
reason, the elastic scattering of neutrinos on protons or
nuclei was proposed long ago as an attractive option to
detect astrophysical neutrinos [37-39]. This detection
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technique would be complementary to existing
dedicated astrophysical neutrino experiments [40,41]
and, being mediated through the Z boson, it would be
flavor insensitive.

Following up on this idea, Ref. [42] has highlighted the
detection prospects of core-collapse supernova (SN) neu-
trinos in XENONIT and its future-generation extensions.
In fact, typical SN neutrinos have an average energy of
O(10) MeV, which would lead to a CELNS nuclear recoil
of O(1) keV, in the range of interest of direct detection
dark matter detectors based on xenon (Xe) [43]. The
transient nature of the SN burst and the high number of
expected events would allow excellent detection perspec-
tives, as also shown in Refs. [44,45]. The detection of SN
neutrinos through CEvNS has also been explored in LZ
[46], XMASS [47], and PICO-500 [48]. In addition, the
fact that direct detection dark matter experiments are
approaching the so-called neutrino floor [49-51] could
also be exploited to detect solar [13,52-54] and atmos-
pheric neutrinos [55].

A new detector concept based on CEvNS has been
recently presented to hunt for astrophysical neutrinos:
RES-NOVA [56]. The employment of an array of cryogenic
detectors based on archaeological lead (Pb) and the high Pb
cross section with the ultrahigh radiopurity of archaeologi-
cal Pb promise high event statistics in RES-NOVA with
easy scalability to large detector volumes.
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Building on these new exciting developments, in this
work we aim at placing constraints on the light mediator of
CEvNS by adopting SN, solar, and atmospheric neutrinos.
We exploit the effects that nonstandard interactions could
have both in the source and in the detector. In order to
explore the largest region of the parameter space that could
be eventually excluded, we focus on the perspective limits
that could be set by the next-generation DARWIN [35] and
RES-NOVA-3 [56], but also discuss the bounds potentially
provided by XENONNT [33], and XENONIT [57].

This paper is organized as follows. In Sec. II, a brief
overview on coherent neutrino nucleus scattering is pro-
vided, and the cross section is generalized to include
nonstandard vector and scalar mediators. Section III intro-
duces the expected recoil rate in DARWIN and RES-
NOVA. Section IV is centered on the impact of nonstandard
coherent neutrino nucleus scattering on the SN physics and
on the detection of SN neutrinos. The effect of nonstandard
coherent neutrino nucleus scattering on the detection of
solar and atmospheric neutrinos is shown in Secs. V and
Sec. VI, respectively. The statistical analysis adopted to
derive the bounds presented in this work is outlined in
Sec. VII. A summary of our findings together with a
discussion on additional constraints on nonstandard medi-
ators in the light of specific models is provided in Sec. VIII.
Our conclusions and an outlook are presented in Sec. IX.
We explore the impact of the uncertainty on the SN model
on the sensitivity bounds in Appendix A, and the depend-
ence of the SN neutrino rate on the mediator mass in
Appendix B.

II. COHERENT NEUTRINO-NUCLEUS
SCATTERING

Coherent neutrino-nucleus scattering occurs between an
active neutrino flavor and a nucleus

v+TA,Z)->v+T(A Z), (1)

where A, Z are the atomic mass and the number of the
nucleus 7. The differential CEvNS cross section in the
Standard Model is defined as [1]

dUSM G%mT o mTEr )
=— 1- F 2
dE, dr Qu 2F? (2). )

where my = 931.5 MeV x A is the target nucleus 7 mass,
0, = [N — Z(1 — 4sin®0y)] is the weak vector nuclear
charge, sin’dy, = 0.231 [58] is the Weinberg angle, G
is Fermi constant, E is the recoil energy of the nucleus 7,
E, is the energy of a neutrino, and Q = \/2mE, is the
momentum transfer. The maximum recoil energy is
EM™ = 2F2/(my + 2E,). We employ the Helm-type form
factor [48,59]:

J1(QRy) 1 2o
F =3 - , 3
(0) = 3% 5 P exp (5 0% (3)
with j; being the first order Bessel spherical function. The
size of the nucleus 7 is equal to Ry = VR*> — 55 with

R = 1.2A§, and the nuclear skin thickness is s ~ 0.5 fm
[48]. In what follows, we modify Eq. (2) in order to take
into account nonstandard vector and scalar mediators.

A. New vector mediator

The Lagrangian term for the new vector mediator (Z')
coupling to neutrinos and quarks reads

L% = G2 Z Ly v + Z2,qr" 9, 29- (4)

In this case the cross section in Eq. (2) is modified as
follows [13,23]

do, Grm mrE,
= (1T PO, 9
where
/
é: — _ QW + gIJ,Z Qw (6)

7 \/EGF(2mTEr + m%/) '

In our framework we assume that the couplings to all
quarks, g, , are such that 0}, = g, »3A [13].

B. New scalar mediator

For a scalar mediator (¢), the new Lagrangian term is

E(/) = gu.q’)¢DRUL + q’)ng,(/)q (7)

for the lepton number conserving (LNC) coupling.
Analogously, the lepton number violating (LNV)
Lagrangian term is

LY = g, 9Pv5ve + $394.49- (8)

Note that, due to the chirality-flipping nature of the new
interaction (for both LNC and LNV couplings), the
scattering may be no longer elastic as the outgoing neutrino
may have opposite handness, which means that a sterile
neutrino may be produced in the LNC case and antineutrino
in the LNV case. Hence, in the following, we will use
CuNS (instead than CEvNS) when dealing with the scalar
mediator.

The total cross section in the presence of the new scalar
mediator is [21,23]:

dO',/N o dGSM d6¢
dE,  dE, dE,’
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where dogy(E,)/dE, is defined as in Eq. (2) and the term
related to the new mediator is [21,23]

doy _ (90.494.4Q5)*  m}E,
dE, 27[<2ErmT+m(2/,)2 2F?

F*(Q).  (10)

with Q, = >y, mN/mqf’}’q ~ 14A + 1.1Z; the hadronic
form factors f’}’q follow the ones used in Ref. [13].
Throughout the paper, if not otherwise specified, we always

assume g = \/|g,.:9..:|, where g, ;9,; > 0 and i = {Z', ¢}.

III. EVENT RATES IN RES-NOVA AND DARWIN

The interaction of astrophysical neutrinos through
CEvNS (and CuNS for a scalar mediator, see Sec. I B)
in the detector, in the presence of nonstandard interactions,
is described by the following differential rate:

dR,y
dE, dt

w(E,.)O(E™ — E,),

(11)

where Ny is the number of target nuclei in the detector
volume, ¢(E,) is the detector efficiency, w(E,) is the
neutrino flux, ® is the Heaviside step function, and E}™*
is defined as in Sec. II.

In this work, we mainly focus on RES-NOVA and
DARWIN, which are the largest upcoming detectors
employing CEvNS. In order to estimate the effect of
nonstandard CEvNS (and CvNS) occurring in the detector,
we explore the effects induced on the recoil rate by non-
standard interactions of astrophysical neutrinos in Pb and
Xe detector in Secs. IV-VI by relying on the scattering
rates per ton-year per target material. We will then apply
our findings to RES-NOVA and DARWIN in Sec. VIL
In the following, we introduce the general features of
these detectors.

dJDN
= E E
Nre( »x/d 2

A. RES-NOVA

RES-NOVA is a recently proposed detector that, if
funded, might be installed at the Gran Sasso National
Laboratories [56]. The sensitive detector component should
be made of archaeological Pb. The ultralow radioactivity
of archaeological Pb and the largest CEUNS cross section
of Pb, among the stable elements, have the potential to
guarantee high statistics.

Unless otherwise specified, we assume a detector effec-
tive volume of 456 ton (corresponding to RES-NOVA-3,
planned after the first two extensions: RES-NOVA-1,2),
100% detection efficiency, and 1 keV recoil energy thresh-
old. We refer the reader to Ref. [56] for more details.

In what follows, we assume negligible backgrounds in
RES-NOVA. The irreducible detector background, origi-
nating from the decay of radioactive isotopes, is neglected;

this assumption is justified for the detection of SN
neutrinos, since the background rate of archeological Pb
is several orders of magnitude lower than the SN signal
rate. In the case of atmospheric and solar neutrinos, this
background can be reduced significantly by relying on
particle identification techniques [56]. In addition, an
efficient suppression of the cosmogenic neutron back-
ground can also be achieved [56].

B. DARWIN

Dual-phase Xe detectors are sensitive to sub-keV nuclear
recoil energies, with very low background and excellent
time resolution. The detection of the prompt scintillation
light (the S1 signal) from the liquid phase of the detector
and the delayed scintillation photons (the S2 signal), caused
by the drifting ionization electrons in the gaseous phase of
the detector, allows for disentangling the electronic and
nuclear recoils based on the S2/S1 ratio. DARWIN is
expected to succeed XENONIT, and XENONNT at Gran
Sasso National Laboratories.

DARWIN will have an effective volume of 40 tons. The
detector efficiency is estimated to be between 100% and the
energy-dependent one shown in Fig. 1 of Refs. [57,60];
the energy threshold is of 1 keV [35] (see Refs. [35,57,60]
for more details).

Similarly to RES-NOVA, the irreducible detector back-
grounds for neutrino detection in DARWIN are arising
from cosmogenic neutrons and the radioactivity of the
intrinsic detector materials. Again, these backgrounds can
be safely neglected for the study of SN neutrinos [42]. For
the detection of solar and atmospheric neutrinos, the
cosmogenic background in DARWIN can be eliminated
to a very good extent by means of an active veto, self-
shielding, and by rejection of multiple scattering events
[35]. The low radioactivity of the detector material will be
achieved with purification techniques and rejection tech-
niques based on looking at the S2 to S1 signal ratio [35].

Ours is an exploratory study where we aim at comparing
the sensitivity to the new physics of RES-NOVA and
DARWIN for generic nonstandard coherent scattering
scenarios. Hence, we refrain from estimating the S1 and
S2 signals detectable in DARWIN and focus on the nuclear
recoil event rates. It should also be noted that the distinction
between the nuclear and electronic recoils has already been
achieved in XENONIT [57,60] and its predecessors.

IV. SUPERNOVA NEUTRINOS

Core-collapse SNe are among the densest neutrino
sources [61,62]. In this section, we first place constraints
on nonstandard neutrino nucleon coherent scattering in the
source and then focus on the nonstandard interactions of
SN neutrinos occurring in the detector.

Since our main goal is to investigate the sensitivity of
CuNS to new physics, we focus on the modifications
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induced by the nonstandard v + N — v + N reaction on the
SN physics. This interaction channel allows us to place
constraints on g = ,/g,g,. We neglect the contribution
from the nonstandard neutrino bremsstrahlung, as it is
expected to be a subleading process.

The v+ N — v + N interaction channel also enables us
to directly compare the SN limits to the ones obtained from
CuNS detectors (see Sec. VII). Additional SN constraints,
stemming from interactions involving only neutrino or
quark couplings, might be relevant depending on the details
of the considered model (see Sec. VIII for a discussion).

A. Nonstandard coherent scattering
in the supernova core

In the SN core, the matter density is large enough
[p ~ O(10") gecm™3] that neutrinos are trapped. If neu-
trinos undergo nonstandard coherent scattering with the
nucleons, for large enough couplings, they could be trapped
for too long in the SN core, and hence fail in reviving the
shock, according to the delayed neutrino-driven explosion
mechanism [63]. In order to estimate the diffusion time of
neutrinos, first we calculate the mean distance that a
neutrino can travel between interactions, i.e., the average
mean-free path:

2
= Y e Ca B
’ ccne deV/;f(Evﬂ)Ez/;ai(Euﬂ)

where f(E, ) is the Fermi-Dirac distribution for the

p-flavor (anti)neutrino, n, is the number of targets for
charged-current (CC) or neutral current (NC) interactions.
Given that we focus on nuclear densities, we assume that
the scattering on nucleons is the driving contribution
in determining the mean-free path (v, +n — e™ + p,

vector

1072
1073
> 107
107°

1076 :
10° 102

myz [MeV]

Do +p—e"+n,and v+ N — v+ N). The CC cross
sections have been implemented following Ref. [64].
The standard and nonstandard NC scattering on neutrons
(protons) have been estimated by replacing Q,, — 1 + 3g,4
[(1 —4sin®0y) + 3g4] [65] in Egs. (2), (10), and (5) and
assuming F(Q?) ~ 1.

The diffusion time of neutrinos is

R, r
T, = dr , 13
’ Al 70, (7) (13)

where R, defines the inner boundary where neutrino
degeneracy becomes negligible and Pauli blocking is not
large anymore, and R, stands for the outer radius where
neutrinos start to free stream. In the following, we focus on
electron neutrinos and antineutrinos as they are mainly
responsible for depositing energy to revive the stalled shock
[62]. To estimate the diffusion time, we rely on a time
snapshot (f,, = 0.25 s) from a one-dimensional spheri-
cally symmetric SN simulation with 18.6 M, mass [66]
and Steiner, Hempel, and Fischer optimal (SFHo) [67]
nuclear equation of state. Note that these inputs should be
considered as indicative in order to gauge the impact of
nonstandard coherent scattering and do not qualitatively
affect our findings.

Figure 1 shows a contour plot of the average diffusion
time of (anti)neutrinos in the plane spanned by m and g, for
the vector (scalar) mediator on the left (right). The average
diffusion time is defined as 7 = 1/2(z, + 7;,), and it is the
time required for electron neutrinos and antineutrinos to
travel between R; = 10 km and R, =40 km. We have
chosen R such that the degeneracy parameter n=u/T =1
(with p and T being the v, chemical potential and medium
temperature, respectively) and hence Pauli blocking is

10110°

scalar
' 7
6
o
9}
4~
3 2
2 &
1
0
1
102 10
mg [MeV]

FIG. 1. Contour plot of the average diffusion time of neutrinos in the SN core in the (g, m [g.m,]) parameter space for the vector
[scalar] mediator on the left [right]. The black lines mark the average diffusion time z = 10 s (dashed) and 100 s (solid); see text for
details. For the LNC scalar mediator we also show the white (gray) line above which v, (v,) are expected to scatter on nucleons at least
once (cooling argument, see text). The regions of the parameter space above the black and white curves are excluded.
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negligible; R, coincides with the neutrinosphere (i.e., the
surface above which neutrinos free stream). In the presence
of nonstandard coherent scattering, we exclude the region of
the parameter space such that 7 = 10(100) s. In this circum-
stance, neutrinos will be trapped for too long, possibly
halting the shock revival, and this would be in conflict with
the neutrino signal observed from SN 1987A [68,69].

The region of the parameter space where the new
mediator coupling highly affects the diffusion time of
neutrinos, making it longer than 7 = 10(100) s, lays above
the black dashed (solid) lines in Fig. 1. The excluded region
is smaller for the vector mediator case because of the
presence of the interference term in the cross section
[Eq. (6)] that reduces the NC contribution to the diffusion
time when the standard coupling is comparable to the
nonstandard one.

The scalar mediator case is more complex. In fact, the
diffusion time criterion is applicable both for LNC and
LNV couplings. However, for LNV coupling, neutrinos can
convert to antineutrinos. As a result, the new interactions
can have a drastic impact on the protoneutron star evolution
[21] and, possibly, on neutrino flavor conversions even-
tually occurring before neutrino decoupling [70]. However,
a self-consistent modeling of these effects is out of reach at
the moment and it is beyond the scope of this paper.

For the LNC scalar mediator, left-handed neutrinos
convert to right-handed ones (effectively becoming ster-
iles). In this case, the total number of neutrino-nucleon
scatterings according to the central limit theorem [71] is

Ry 2r
N—A Wdr. (14)

If all neutrinos, on average, scatter once before reaching the
neutrinosphere (R,), it means that they are converted to
right-handed particles. As such, there should be an extra
cooling channel [72] that would shorten the timescale of the
neutrino signal otherwise observed from the SN 1987A or
even cause it to disappear. Hence, in the right panel of
Fig. 1, we exclude the region of the parameter space such
that N 2 1. This argument excludes a bigger fraction of the
(g, my) parameter space than the diffusion argument.

Despite the fact that we rely on inputs from one
hydrodynamical SN simulation and develop detailed cal-
culations of the neutrino mean-free path, diffusion time,
and number of neutrino-nucleon interactions, our findings
are in good agreement with the ones of Ref. [21]. In
Ref. [21] the authors estimated the bounds on the mediator
mass and coupling for a constant matter density and a
single neutrino energy, using our same arguments.

B. Nonstandard coherent scattering of supernova
neutrinos in the detector

In order to estimate the event rate of SN neutrinos
expected in RES-NOVA and DARWIN, we rely on the

outputs of two one-dimensional spherically symmetric
core-collapse SN models [66]. Since core-collapse SNe
may be as likely as black hole forming collapses [73,74],
we adopt a core-collapse SN model with 27 M5 (CC-SN)
and a 40 M black-hole-forming collapse model (failed
SN) as inputs for our computations. The neutrinos emitted
during the SN burst have a pinched thermal energy
distribution [75,76]

E — El//i o)
oy (Evy tn) = &, (150) (W)

<o)~ (Eoy () - 09

where the pinching factor is given by

2<Evﬂ(tpb>>2 B <Ev/; (tpb)2>

P B (1))~ (E,, (1))
The time-integrated neutrino flux is calculated as
Imax L(ty) o, (El,ﬂ, fob)
w(E, ) = / dt u , 17
A B T B

where D is the SN distance from Earth; in the following, we
consider t.,, = 14 s and t,,, = 0.2 s for the CC-SN and
failed SN, respectively, and D = 10 kpc unless otherwise
stated. Since the CEvNS (CuvNS) interaction is not flavor
sensitive, we do not worry about neutrino flavor conver-
sions and consider the total neutrino flux summed over six
flavors.

Figure 2 illustrates the event rate of SN neutrinos for Pb
based (orange color) and Xe based (green lines) detectors
for standard (solid lines) and nonstandard interactions
(nonsolid lines) for the CC-SN (failed SN) on the top
(bottom) panels. The number of events of the black-hole-
forming collapse at high recoil energies (above the detec-
tion threshold) exceeds the number of events from the core-
collapse SN. This is because of the hotter neutrino spectra
emitted in black-hole-forming collapses [62]. The Pb based
detector is characterized by a total number of events above
threshold (1 keV) higher than the Xe one; this is due to the
fact that the event rate scales as the number of neutrons of
the target. However, due to the heavier target, the range of
observed recoil energies is smaller for Pb.

The left (right) panels of Fig. 2 illustrate the modifica-
tions in the expected event rate for different values of g and
myz 4 = 1 MeV. The number of events as a function of the
recoil energy for the new scalar interaction increases with
respect to the standard case. In contrast, the event rate can
be smaller than in the standard case for the vector mediator
scenario. This can be easily understood by comparing the
total cross sections for scalar [Eq. (10)] and vector [Eq. (5)]
mediators. In the fist case, the cross section can only
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Supernova neutrinos
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FIG. 2. Expected event rate as a function of the nuclear recoil energy for a CC-SN (top panels) and a failed SN (bottom panels) at
10 kpc from the Earth in Pb (orange curves) and Xe (blue curves) based detectors. The standard event rates (solid lines) are shown
together with the nonstandard rates for vector and scalar mediators, on the left and right panels, respectively. The scalar mediator only
increases the event rate with respect to the standard case; this is not true for the vector mediator case.

increase, if the quark and neutrino couplings to the new
mediator are positive. Yet, for the vector mediator, the total
cross section is the sum of the contributions from the new
vector mediator and the Z boson; hence, the interference
term between these two can lead to a depletion of the event
rate when the interference term dominates.

V. SOLAR NEUTRINOS

The sun is the closest astrophysical source of neutrinos,
see Ref. [61] for a recent overview and references therein.
Solar neutrinos are very useful to constrain nonstandard
scenarios, see, e.g., Refs. [13,49,51,53,77-80]. In principle,
bounds on light mediators coupling to neutrinos and quarks
may be derived by looking at neutrino interactions with the
nucleons inside the sun. However, the solar density
[p ~ O(10-100) g/cm~>] is too low to trap neutrinos even
for large g, hence the nonstandard coherent neutrino-
nucleus scattering affects the physics of the sun negligibly,
differently from what discussed in the SN case in Sec. IVA.

The detection of solar neutrinos in Pb and Xe based
detectors could, however, allow one to constrain

nonstandard coherent neutrino nucleus scattering. This
option is especially interesting since, as we approach the
neutrino floor in direct detection dark matter experiments,
the detection of solar neutrinos is within reach [13,49]. In
order to estimate the event rate of solar neutrinos, we
consider the flux of neutrinos coming from two nuclear
processes in the Sun

8B — 8Be* + et + 1, (18)
and
He + p — ‘He + e +v,. (19)

These reactions produce neutrinos with energy up to
15 MeV. The rest of the neutrinos made in the pp and
Carbon-Nitrogen-Oxygen (CNO) cycle chains, which fuel
the sun, create neutrinos with typical energies that are too
low to produce nuclear recoils above the 1 keV threshold.
The solar neutrino fluxes adopted in this work were
obtained by averaging the lower and upper bounds pro-
vided in the tables of Ref. [61].
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The expected rate of solar neutrinos is shown in Fig. 3
for Xe and Pb targets for the standard case (solid lines).
Similarly to the SN event rate (Fig. 2), the recoil spectrum
ends at a smaller recoil energy for the Pb detector because
the maximum recoil energy (E™*) is smaller for a heavier
detector material. Yet, due to the fact that the maximum
neutrino energy produced by the nuclear reactions in the
sun (~15 MeV) is much smaller than in the SN case
(~50 MeV), we can see that the expected recoil energies
produced by solar neutrinos lay below 5 keV. For the same
reason, the crossing between the event rates of the Xe and
Pb based detectors lays below the 1 keV threshold, causing
the Xe rate to be higher than the Pb one in the plotted
energy range.

The impact of a nonstandard mediator with 1 MeV mass
in the interactions of solar neutrinos with the detector
targets is displayed in Fig. 3 for different couplings g, on
the left for the vector mediator and on the right for the scalar
one. In both cases, the event rate is shown for Xe and Pb
targets. The maximum recoil energy in the case of the Xe
based detector is almost twice the one of the Pb detector;
this allows us to look for energy-dependent features in the
recoil spectra over a broader range of energies in Xe based
detectors. As we will discuss in Sec. VII, this opportunity
helps to constrain the vector mediator at low and inter-
mediate masses (see Fig. 7). This is not as important for the
scalar mediator because in the low mediator mass limit the
nonstandard cross section [Eq. (9)] does not depend on
the mediator mass nor on the target mass. One can also
notice that the event rate for the scalar mediator is always
increasing with respect to the standard one, contrarily
to the vector case, as dictated by the cross sections in

Egs. (5) and (9). In addition, for the same coupling, the
difference between the standard and nonstandard event rate
is bigger for the scalar mediator in the low mass limit, due
to the lack of neutrinos with energies higher than ~15 MeV
and the E;'E;? /2 dependence of the scalar cross section as
opposed to (1 — myE,E;?/2) in the interference term of
vector cross section.

VI. ATMOSPHERIC NEUTRINOS

Atmospheric neutrinos originate from the decay of
mesons produced by the interactions of cosmic rays with
nuclei in the Earth’s atmosphere. The atmospheric neutrino
flux at sub-GeV energies mainly consists of neutrinos from
charged pion decays [55]. In the decay of a positively
charged pion, a muon (anti)neutrino is created together
with an electron neutrino:

at—spt+y, and " —et+0,+v,. (20)
Similarly, for the negatively charged pion, two antineu-
trinos 7, and 7, and an electron neutrino are formed.
Theoretical predictions on low energy atmospheric neu-
trinos are still plagued by high uncertainty (~20%) [81,82];
the latter, for neutrinos with energy below 100 MeV, might
increase up to 50% [83].

Future generation CEvNS detectors will be able to
observe the atmospheric neutrino background [55,56].
We capitalize on this opportunity to explore how the
presence of a nonstandard coherent mediator could change
the expected event rates. We rely on the inputs for the
atmospheric neutrino flux provided in Ref. [55], where

Solar neutrinos

vector scalar
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FIG. 3.

Expected event rate as a function of the nuclear recoil energy induced by solar neutrinos in Pb (orange) and Xe (blue) based

detectors. The standard event rate (solid line) is shown together with the nonstandard one for the vector and scalar mediator on the left
and right panels, respectively. The Xe based detector has an advantage over the Pb based detector thanks to the recoil spectrum extending

to higher energies.
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FIG. 4. Expected event rate as a function of the nuclear recoil energy induced by atmospheric neutrinos in Pb (orange) and Xe (blue)
based detectors. The standard event rates (solid lines) are shown together with the ones involving nonstandard coherent scattering on the
left (right) for vector (scalar) mediators. Given the energy range of atmospheric neutrinos, the standard and nonstandard rates are

comparable for the vector and scalar scenarios.

the atmospheric neutrino flux was calculated by using the
FLUKA code [83] for the Gran Sasso location, where RES-
NOVA and DARWIN may be built, if approved.

Figure 4 shows the event rate induced by atmospheric
neutrinos in Xe (green) and Pb based (orange) detectors.
The expected number of events is reported for the standard
(solid lines) and nonstandard case (dashed and dotted
lines). Differently from the solar event rate, but similarly
to the SN rate, the Pb based detector is characterized by a
higher number of events per ton at low recoil energies.
Analogously to the SN and solar event rates, the new
vector mediator can lead to a suppression or an increase of
the event rate; while, only an increase is possible in the
scalar case [see Eqgs. (5) and (10)]. Furthermore, by
comparing the dashed lines with the ones from the solar
neutrino event rate (Fig. 3), all being calculated for the
same mass and mediator coupling, one can see that the
difference between the standard and nonstandard event
rate is higher for a vector mediator, in the presence of
relatively high energy neutrinos in the flux (closer or
higher energy than E}* for which the form factor
experiences a dip); this is due to the difference in the
neutrino energy dependence of the nonstandard cross
section terms.

VII. DETECTOR CONSTRAINTS ON THE MASS
AND COUPLING OF THE NEW MEDIATOR

In this section, we focus on deriving the perspective
constraints on the (g,my ,) parameter space for the new
mediator by relying on SN, solar, and atmospheric neu-
trinos. In order to do that, we implement the y? test using
the pull method [84], with y? defined as

. x\?
)(2 :mxm Z |:)(§etector+ <0_> :|’ (21)

detector X

where o, is the flux normalization uncertainty. For each
source and for each detector, 3. .ox 1S

Hetector = —21112—(1)- (22)
The likelihoods are given by
Ly = ZP(A =N;vik=Nism), (23)
and
L, = ZP(A = Nisw: k= Nigm), (24)

where P is the Poisson distribution, i is the bin index,
and N; gy is the number of events observed in the ith bin
assuming the standard cross section only, whereas the
number of the events when the new mediator is included is
N,y = (14 x)N,y where xe(—1,inf).

The statistical analysis has been developed by using
a 2 keV binning [35,56] of the event rates observed in
RES-NOVA-3 and DARWIN. Additionally, the sensitivity
bounds rely on a 100% efficiency for RES-NOVA and
DARWIN; for the Xe based detector we also use the energy
dependent efficiency of XENONIT [57,60] for compari-
son; as such the excluded regions are defined by a finite
band size instead than a curve.
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A. Constraints from supernova neutrinos

By relying on the fact that the new mediator could
enhance the coupling of SN neutrinos to matter in the stellar
core and, therefore, modify the diffusion time of neutrinos,
in Fig. 1 we show the region of the (g, m) parameter space
disfavored by this argument. Additionally, as discussed in
Sec. IV B, SN neutrinos can also undergo nonstandard
interactions in the detector.

The y? test obtained by using the nonstandard recoil rates
shown in Fig. 2, provides the sensitivity bounds reported in
Fig. 5 for a SN at 10 kpc, assuming a normalization
uncertainty on the SN signal of 25%; this uncertainty takes
into account the early and late time maximal variation in the
neutrino signal obtained by comparing different SN hydro-
dynamical simulations [85], the SN mass dependence [86],
and the uncertainty in the SN distance determination
[87,88] (see Appendix A for more details).

The bounds in Fig. 5 are obtained for the nonstandard
vector (on the left) and scalar mediators (on the right) from
a galactic SN burst detected in DARWIN (hatched regions),
RES-NOVA-3 (dashed lines), and both detectors combined
(solid regions). The bounds are shown for the core-collapse
(orange) and failed SN cases (blue).

The shape of the excluded region is similar in the vector
and scalar mediator scenarios. In the low mass limit,
my 5 < 2E.mp, the change in the cross section is caused
by g only; this results in no dependence of the excluded
region on the new mediator mass below O(10) MeV. In the
high mass region, my , < 2E,my, the bounds depend on
the effective coupling g*/my, for the scalar mediator and

¢*/m2, (¢*/m?},) for the vector mediator when the standard
term is comparable to (or much smaller than) the

vector

nonstandard one in Eq. (6). In addition, in the high mass
limit for the vector mediator case, one can restore the
standard cross section when the interference term
(=30,,A¢*/V/2Gm2,) is comparable to the nonstandard
term in Eq. (6). This results in a small unconstrained island
in the (g, my ) plane (see Appendix B for more details on
the event rate dependence on the mediator mass). Given
that core-collapse SNe and black-hole-forming collapses
exhibit a different neutrino signal, we report the exclusion
bounds for both cases in Fig. 5.

Due to the smaller effective volume of the detector, and
smaller event rate per ton (see Fig. 2), the DARWIN bounds
are less stringent than the ones obtained for RES-NOVA-3,
independently of the mediator type. The projected limits
have a finite size uncertainty band for DARWIN because
we use the 100% detector efficiency and the energy-
dependent one. The efficiency band is wider in the low
mass region as the shape of the recoil spectrum can be
distinctly changed by the new mediator. The ruled-out
region for the vector mediator in the low and intermediate
mass region is bigger for the black hole forming collapse
than for the core-collapse SN. This is due to the higher
variability of the event rate shape (see Fig. 2) in that region
than in the case of the large mediator mass, for which only
the effective coupling matters; the latter only affects the
normalization of the event rate, and the fact that the event
rate extends to higher recoil energies due to the hotter
spectra of neutrinos from black-hole-forming collapses
does not matter anymore. This is not visible for the scalar
mediator scenario as the rate can only increase with respect
to the standard one.

Given the high event rate foreseen for SN neutrinos,
we also explore the sensitivity limits for smaller detector

scalar

].072? SRS RS e T AR |
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Projected 90% C.L. sensitivity bounds on nonstandard coherent scattering in the plane spanned by the mass my , and coupling

g of the new mediator. The vector (scalar) case is shown on the left (right) for a SN at 10 kpc from Earth. The sensitivity bounds for
DARWIN (hatched regions), RES-NOVA-3 (dashed lines), and both detectors combined together (solid regions) are reported. The
bounds for core-collapse SNe (CC-SN) are plotted in orange and the ones for the black hole forming collapses (failed SN) are in blue.
The region of the parameter space excluded in the vector mediator scenario for low and intermediate mediator masses is bigger than the
one excluded in the scalar case because of the more prominent energy dependent features induced by the vector mediator.
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FIG. 6. Projected 90% C.L. sensitivity bounds on nonstandard coherent scattering in the plane spanned by the mass my , and coupling
g of the new mediator. The vector (scalar) case is shown on the left (right) panel for a SN at 10 kpc from Earth. The bounds for DARWIN
(navy blue), XENONNT (cyan), RES-NOVA-3 (yellow), and RES-NOVA-1 (red) are shown, each marginalized over the core-collapse
and failed SN models. The bounds are less stringent for smaller detectors.

volumes. In particular, we focus on RES-NOVA-1 (2.4 ton)
[56], which should be operational within the next two
years, and XENONnT (four tons) [33]—whose tank is
currently being filled with liquid Xe. For both detectors, we
assume the same thresholds and efficiencies as for the RES-
NOVA-3 and DARWIN. The results are reported in Fig. 6;
the sensitivity increases with the effective volume of the
detector, as expected. Despite the higher event rate per one
ton of Pb (Fig. 2), the limits from RES-NOVA-1 are worse
than the ones from XENONNnNT due to the smaller effective
volume of the detector, unless the XENONNT efficiency is
worse than 100%. Note that, in this figure, as well as in
Figs. 9 and 10, we report the combined bound obtained by
marginalizing over the two different SN types (CC-SN and
failed SN).

B. Constraints from solar and atmospheric neutrinos

As shown in Secs. V and VI, the recoil energy spectrum
from solar and atmospheric neutrinos has characteristic
signatures in the presence of nonstandard coherent scatter-
ing. In the following, we assume that the 16 normalization
uncertainty for the atmospheric and solar neutrino fluxes is
Oam = 20% [81] and o4, = 10% [89-91], respectively.
Note that, despite the fact that o, may be larger than 20%
for E < 100 MeV, due to the increase of the cross section
as a function of the energy and the shape of the flux of
atmospheric neutrinos, approximately half of the recoil
event rate is caused by the atmospheric neutrinos with
energies 2100 MeV. Hence, in the following, we rely on
the most optimistic scenario with ., = 20%.

Figure 7 shows the projected sensitivity bounds on the
mass and coupling of the new mediator coming from the
detection of solar and atmospheric neutrinos in DARWIN
and RES-NOVA-3 for 1 yr exposure. Figure 7 shows that
the bounds from atmospheric neutrinos are less stringent

than the ones from solar neutrinos. In fact, by comparing
Figs. 3 and 4, one can see that the number of events induced
by solar neutrinos is much larger than in the case of
atmospheric neutrinos, despite the recoil spectra extending
to higher energies for the latter. However, for the vector
mediator (left panel), as the mediator mass increases, the
bounds from solar neutrinos become slightly less competi-
tive compared to the ones from atmospheric neutrinos. This
is due to the possibility of experiencing energy dependent
features over a larger recoil range than in the case of solar
neutrinos. Nevertheless, due to the much smaller total
number of events for atmospheric neutrinos, the solar
bounds are always better. The solar neutrino bounds on
the scalar mediator are better than the ones on the vector
mediator, and the opposite effect is true for atmospheric
neutrinos. This is due to the fact that atmospheric neutrinos
have much higher energies than solar neutrinos, and the
nonstandard cross section for the scalar mediator is smaller
than the one for the vector mediator case in the high-energy
neutrino limit (see Sec. VI). Since the volume of RES-
NOVA-3 is expect to be 10 times larger than the one of
DARWIN, there is no uncertainty band connected to the
different efficiencies used to calculate the bounds except for
the solar neutrino vector case, where the Xe based detector
probes twice the energy range than the Pb one. This is not
evident for the scalar case due to the insensitivity of the
low mediator mass cross section to the target material
(see Sec. V).

Our projected 90% C.L. sensitivity for solar neutrinos in
RES-NOVA-3 and DARWIN in the vector mediator case is
in good agreement with the one in Ref. [13], where the
authors calculated the bounds for the Xe based detector
using 200 ton-yrs exposure, 100% detector efficiency,
1 keV energy threshold, and zero background. However,
the 200 ton yrs exposure in [13] is obtained by using the
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FIG. 7. Projected 90% C.L. sensitivity bounds on non-standard neutrino-nucleus interactions in the plane spanned by the mass and
coupling of the new mediator. The vector (scalar) case is shown on the left (right). The bounds for the atmospheric neutrino signal are
plotted in blue and for solar neutrinos in pink. The sensitivity bounds have been derived by relying on the detection of solar and
atmospheric neutrinos in RES-NOVA-3 and DARWIN for 1 yr exposure. In addition, the bounds obtained using the XENONI1T limits
on WIMPs [57] are also shown in beige. Due to the much higher even rate of solar neutrinos, the solar bounds are more stringent than the

ones coming from atmospheric neutrinos.

DARWIN volume integrated over 5 yrs, while we consider
1 yr only. The reduced exposure time makes our results a
bit less competitive than the ones reported in Ref. [13],
despite the fact that we combine RES-NOVA-3 and
DARWIN. Our bounds are in fact completely driven by
the Xe based detector that performs better in the energy
range of solar neutrinos and are not improved much by the
addition of RES-NOVA-3.

For completeness, despite the fact that atmospheric
neutrinos are not competitive with solar or SN neutrinos
in constraining nonstandard mediators, we have investi-
gated how the atmospheric neutrino bounds change if
Oam = 50%. In this case, the limits for the vector boson,
obtained for RES-NOVA-3 and DARWIN, relax by ~20%
while the ones for the scalar mediator shift marginally
(results not shown here). We identify a trend similar to the
one found for the SN neutrino flux normalization uncer-
tainty (see Appendix B).

Additionally, we estimate the current 90% C.L. upper
constraints on the mass and coupling of the new mediator
of non-standard neutrino-nucleus interactions from the
XENONIT data [57], assuming the current detector thresh-
old (0.7 keV) and efficiency for the S2 channel. In order to
do that, we estimate the maximal event rate per 1 year of
XENONIT exposure by taking the upper bound coming
from calculating the event rates for the correspondent
bounds on the weakly interacting massive particle
(WIMP) masses and spin independent cross sections
through the WIMP rates package [92], under the
assumption of a standard isothermal dark matter halo
[57,60]. The resultant bounds for vector and scalar medi-
ators are presented in Fig. 7. Similarly to the bounds
obtained by looking at the diffusion time for SN neutrinos,
the bounds for the scalar mediator are more stringent.

VIII. DISCUSSION

In this paper, we focus on the generic scenario involving
the coupling of the new mediator to neutrinos and quarks
with g = | /9,9, In this section, first we briefly summarize

our findings and then discuss how the bounds obtained in
this work map onto two nonstandard mediator models
widely adopted in the literature. We focus on the gauge
U(1)g_; model proposed in Ref. [77] and on a more
generic case of a scalar mediator coupling to neutrinos and
quarks.

A. Summary of our findings

Figure 8 displays the parameter space spanned by the
new vector mediator coupling g and mass my, excluded in
this work by relying on the neutrino burst expected from a
galactic SN, as well as solar and atmospheric neutrinos,
together with the exclusion bounds for XENONIT [57]
calculated in this work. We refrain from showing the
analogous plot for the scalar mediator, since the bounds
are very similar to the vector mediator scenario.

Our work shows that the detection of SN neutrinos or 1 yr
exposure to solar and atmospheric neutrinos would allow us
to probe a large region of the parameter space spanned by
the mass and coupling of the new mediator. Under the
assumption of optimal background tagging, the observation
of solar, atmospheric or SN neutrinos in RES-NOVA-3 and
DARWIN gives similar sensitivity to new physics.

B. Comparison with existing bounds:
vector mediator for the U(1)y_; model

Here we discuss the constraints that apply to the mass
and the coupling of the new vector mediator for the
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FIG. 8. Summary of the bounds derived in this work on the new

vector mediator coupling in the plane spanned by the vector mass
myz and coupling ¢g. Our new sensitivity bounds come from
considering nonstandard neutrino-nucleus (nucleon) interactions
in the SN core (marked by solid and dashed black lines), by
detecting a neutrino burst from a galactic SN (green line and
hatched region), as well as 1 yr exposure to solar and atmospheric
neutrinos (orange line and hatched region) in DARWIN and RES-
NOVA-3 (RN-3). The sensitivity of XENONIT has been calcu-
lated by relying on the limits provided in Ref. [57] (light green).
DARWIN and RES-NOVA-3 have the potential to exclude the
largest region of the parameter space. The bounds plotted here are
for a vector mediator; similar ones have been derived for a scalar
mediator.

U(1)g_, gauge boson proposed in Ref. [77], with coupling
to quarks g, = 1/3gg_;, and leptons () g, = g, = —gp_1.-
A summary of the constrained region of the parameter
space is reported in Fig. 9.

(i) Nonstandard coupling to quarks only. Constraints on
the nonstandard coupling to nucleons or quarks
(beige, right-slash hatched regions in Fig. 9) to
the new mediator can be split into two categories:
terrestrial experiments and astrophysical limits. Ex-
amples of the former come from the pion decay
experiments (7 decay) [93-95] and neutron scatter-
ing on the 2®Pb target (n-Pb) [96-98]. As for
astrophysical constraints, one can consider the
nucleon-nucleon bremsstrahlung as an additional
source of SN cooling [99,100] (SN 1987A), and
the impact of nonstandard interactions between
protons on the Coulomb barrier penetration in the
Sun [101] (Sun pp).

(i1) Nonstandard coupling to neutrinos only. Constraints
on nonstandard mediators coupling to neutrinos are
plotted in beige as left-slash hatched regions in
Fig. 9. These bounds have been derived by looking
at the possible effects of the nonstandard mediator
on the decay of W and K [102] (W decay, K decay).
Nonstandard interactions could also cause visible
effects on high-energy neutrinos of astrophysical
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FIG.9. Bounds onthe U(1)g_, model in the plane spanned by
the vector mediator mass mp_; and coupling gg_;. Our new
sensitivity bounds come from considering nonstandard neu-
trino-nucleus (nucleon) interactions in the SN core (marked by
purple dash-dotted line), by detecting a neutrino burst from a
galactic SN (blue dashed line and hatched region), as well as
1 yr exposure to solar and atmospheric neutrinos (red solid line
and hatched region) in DARWIN and RES-NOVA-3 (RN-3).
Our prospective limits are contrasted with various constraints.
The limits which apply to quarks only (shaded, right slash
hatch): SN 1987A [100] (SN 1987A g), neutron-Pb scattering
[140] (n-Pb), = decays experiments (z decay), and Coulomb
barrier penetration inside the Sun (Sun pp) [101]. We also show
the bounds that require coupling of the nonstandard mediator to
neutrinos only (beige, right-slashed hatched regions): BBN
[113], SN 1987A [111] (SN 1987A v), K and W decays [102],
high-energy astrophysical neutrinos (IC HESE) [108], neutri-
nos from the TXS 0506 + 056 source [109] (IC TXS), and
CMB [114]. The bounds which apply to leptons and quarks
(beige, solid regions): COHERENT [25], SuperCDMS,
CDMSlite, and LUX data [13], beam dump experiments
[121], neutrino-lepton scattering [77,122] (v—1[), and SN
1987A [135,136]. The sensitivity of XENONIT has been
calculated by relying on the limits provided in Ref. [57] (beige,
solid region). DARWIN and RES-NOVA-3 have the potential
to exclude a not yet probed region of the parameter space for
hlgh me_yp,.

origin. If the high-energy neutrinos interact with the
relic neutrinos (cosmic neutrino background, see,
e.g., Ref. [61]) via the exchange of a nonstandard
mediator, spectral distortions or delays should be
expected in the signal observable on the Earth
[103-108]. In Ref. [108], a statistical analysis has
been performed to search for signs of nonstandard
interactions among neutrinos in the diffuse flux
of high-energy neutrinos detected by the IceCube
Neutrino Observatory by relying on the high
energy starting events (IC HESE). By using similar
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(iif)

arguments, another independent constraint has been
reported in Ref. [109] by exploiting the possible
detection of high-energy neutrinos from the blazar
TXS 0506 + 056 (IC TXS).

The region of the parameter space disfavored by
nonstandard interactions between neutrinos coming
from the SN 1987A was studied in Refs. [110,111].
In this case, limits were placed by considering
nonstandard interactions of SN neutrinos with relic
neutrinos for mediator masses mp_; < 0.1 MeV.
Additionally, Ref. [111] examined the consequences
of nonstandard neutrino-neutrino interactions occur-
ring in the SN core on the delayed neutrino heating
mechanism [63]. The region of the parameter space
disfavored by this argument is shown in Fig. 9
(SN 1987A v).

The impact of the nonstandard vector mediator
on the big bang nucleosynthesis (BBN) has been
discussed in Refs. [112,113]. The Boltzmann equa-
tions in the isotropic and homogeneous Universe
have been solved in the presence of nonstandard
interactions. The parameter space for which the
change in the number of the effective relativistic
degrees of freedom is such that AN > 1 in the
nonstandard scenario has been excluded; this was
done by translating the obtained AN in the change
in the primordial abundance of deuterium, and mass
fraction of helium. The limit (BBN) in Fig. 9 comes
from Ref. [113].

The existence of a new vector mediator might also
impact the cosmic microwave background (CMB)
through the effect of increasing the power on small
scales in the Planck data [114,115]. This limit is
indicated as CMB v in Fig. 9.

Nonstandard coupling to charged leptons and any
coupling. The coupling of the new mediator to active
neutrinos and charged leptons allows to use the
data from neutrino experiments able of observing
v+ 11— v+1, such as Borexino [116], Texono
[117], GEMMA [118], and CHARM-II [119,120]
to put bounds on the mass and coupling of the
mediator. In Fig. 9, bounds coming from these
experiments are marked with v — [ [25,77,121,122].

We also show the bound coming from the beam
dump experiments (Beam dump). One can distin-
guish the electron case, where only the coupling to
electrons is considered. Examples of these experi-
ments are Fermilab E774 [123], SLAC E137, SLAC
El141 [124,125], and Orsay [126]. For the proton
beam dumps—LSND [127] and U70/NuCAL
[128,129]—both quarks and leptons need to couple
to the nonstandard mediator. The bounds in Fig. 9
include all the mentioned experiments and have been
taken from Ref. [121]. We also note that one can
constrain the U(1)g_; model from fixed target

experiments, such as NA48/2 [130], APEX [131],
A1/MAMI [132,133], and NA64 [134] (see, e.g.,
Refs. [25,121]). However, these experiments do not
exclude any region of the parameter space already
constrained by other arguments reported here, hence
we refrain from showing them explicitly.

The bounds on the U(1)g_; model from the SN
1978A where the mediator couples to neutrinos,
charged leptons, and quarks have been studied in
Refs. [135,136] (SN 1987A). There the bounds
have been derived by relying on a static hydrody-
namical background at 1 s post bounce from a one-
dimensional SN simulation and by applying the
cooling criterion [72]. Various processes were in-
cluded, however, it has been found that the inverse
decay of v+ o — Z' and the semi-Compton scatter-
ing contributed the most to the derived limits.
Interestingly, a SN simulation taking into account
muon production has been considered in Ref. [136];
this led to a shift of the earlier bounds [135].

The current limits from COHERENT [23,25],
Super-CDMS, CDMSIlite, and LUX data [13,
137-139] are also shown in Fig. 9. In addition, we
also show the exclusion bounds for XENONIT [57]
calculated in Sec. VIL

Our work shows that the detection of SN neutrinos, or
1 yr exposure to solar and atmospheric neutrinos, would
allow us to probe the largest region of the parameter space
spanned by the mass and coupling of the new mediator
among the experiments capable of observing CvNS. Under
the assumption of optimal background tagging and in the
limit of low mediator mass, the potential improvement with
respect to the limits from COHERENT [23,25], which are
currently the most stringent ones, is up to 50%. In addition,
our bounds on the U(1)z_; model promise to place most
sensitive bounds on a fraction of the parameter space
(20 MeV < mp_;, <1 GeV) yet unconstrained by others
listed in this section limits.

C. Comparison with existing bounds: scalar mediator

We will now discuss bounds that apply for the scalar
coupling to neutrinos and quarks (Fig. 10). We assume that
9y = 94 = 94 For examples of specific models we refer the
reader to, e.g., Refs. [21,141].

(i) Nonstandard coupling to quarks. The bounds that
apply to the scalar mediator coupling to quarks based
on the same arguments as for the vector mediator
discussed in Sec. VIII B are neutrons scattering on the
208ph target (n-Pb) [96-98], nucleon-nucleon brems-
strahlung in stars [99] (for m,, < 2 keV, therefore not
shown on Fig. 10), and changes of the Coulomb
barrier penetration in the Sun [101].

(i) Nonstandard coupling to neutrinos. Laboratory ex-
periments focused on the precision measurements of
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FIG. 10. Bounds on the scalar coupling to neutrinos and quarks
in the plane spanned by the mediator mass m, and coupling gy.
Our new sensitivity bounds come from considering nonstandard
neutrino-nucleus (nucleon) interactions in the SN core (marked by
purple dash-dotted and dotted lines), by detecting a neutrino burst
from a galactic SN (blue dashed line and hatched region), as well
as 1 yr exposure to solar and atmospheric neutrinos (red solid line
and hatched region) in DARWIN and RES-NOVA-3 (RN-3). Our
prospective limits are contrasted with other constraints. The limits
which apply only to quarks (shaded, right slash hatch): neutron-Pb
scattering [140] (n-Pb), and Coulomb barrier penetration in the sun
(Sun pp) [101]. We also show the bounds only requiring coupling
of the nonstandard mediator to neutrinos (beige, right-slashed
hatched regions): BBN [152], SN 1987A [111] (SN 1987A v, top
region) and [160] (SN 1987A v, bottom region), high-energy
astrophysical neutrinos (IC HESE) [108], neutrinos from the TXS
0506 + 056 source [109] (IC TXS), and CMB [115]. The bounds
which apply to neutrinos and quarks (beige, solid regions):
COHERENT [23]. The sensitivity of XENONIT has been
calculated by relying on the limits provided in Ref. [57] (beige,
solid region). Likewise for the U(1)g_; model, DARWIN and
RES-NOVA-3 have the potential to exclude the not yet probed
region of the parameter space for high m.

7, mesons, and Z decay widths [141-146] can set
limits on the mass and the coupling of the scalar
mediator coupling to neutrinos (lab decays).
Double-beta decay experiments (see, e.g., recent
results from GERDA [147]) can also place con-
straints on the mass and coupling of the new LNV
scalar mediator. For scalar mediator masses below
the Q value of certain nuclei that could undergo
double beta decay, new double-beta decay channels
might open up [141,148-151] (Oupp).

Moreover, similar to the vector mediator case,
bounds on the mass and coupling of the nonstandard
mediator from the CMB and BBN [113,115,
152-158], and high-energy neutrinos seen by
IceCube [108,109,159] (IC HESE, IC TXS) apply

as well. The SN 1987A constraints on the scalar
mediator follow the same argument as for the vector
case [110,111,160] (SN 1987A v). However, due to
the helicity suppression, these limits should be
interpreted as the ones on a effective coupling which
already incorporates the suppression factor.

(iii) Nonstandard coupling to neutrinos and quarks.
Likewise in the vector mediator case, one can obtain
bounds on the scalar mediator coupling to neutrinos
and quarks from COHERENT [23], and the direct
detection dark matter experiments, such as Super-
CDMS, CDMSlite, and LUX [137-139]. We refrain
from showing the latter ones, as alike the case of a
vector mediator, the limits are expected to be less
stringent than the ones from COHERENT and
XENONIT.

Analogously as in the vector mediator model case, our
limits have the potential to rule out a yet unconstrained
region of the parameter space in the plane spanned by the
mass and the coupling of the new scalar mediator.
Excitingly, our limits from XENONIT for m <10 MeV
seem to be comparable with the ones from COHERENT
[79]. Intriguingly, the 1 yr exposure to solar and atmos-
pheric neutrinos or the observation of a galactic SN
burst in RES-NOVA and DARWIN would improve the
limits by up to ~65% compared to COHERENT [23].
We note that the possibility of non-negligible kinetic
mixing between the nonstandard mediators and their
SM counterparts may affect the reported constraints,
see, e.g., Refs. [136,161,162].

IX. CONCLUSIONS

We employ astrophysical neutrinos to constrain non-
standard coherent neutrino-nucleus scattering for vector
and scalar mediators, as summarized in Figs. 8-10. In
particular, we rely on the impact that the nonstandard
coherent neutrino-nucleus scattering would have on the
physics of core-collapse supernovae, as well as the effect of
nonstandard reactions occurring between supernova, solar,
and atmospheric neutrinos and the nuclei in RES-NOVA,
DARWIN, XENONnT, and XENONIT.

If nonstandard coherent neutrino-nucleus scattering
should occur in the supernova core, neutrinos would need
more time to diffuse out, with possible implications on the
supernova explosion mechanism. In addition, for the lepton
number conserving interactions mediated by a scalar par-
ticle, we have also calculated the limits on the mass and
coupling of the mediator using the cooling criterion [72].

In order to derive bounds on nonstandard coherent
neutrino-nucleus scattering in upcoming CEvNS detectors,
we focus on the fact that the nuclear recoil spectrum
changes its shape and normalization in the presence of a
new vector or scalar mediator. We have shown that the
observation of the neutrino signal from a galactic supernova
in DARWIN and RES-NOVA can potentially place the
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most stringent constraints. The improvement on current
bounds from COHERENT [23] is up to 50% in the limit of
low mediator masses. Recently Ref. [163] highlighted the
possibility of reducing the energy threshold in dual phase
xenon detectors to 0.3 keV. In this case, our bounds would
improve significantly (up to ~50%).

The sensitivity projections for solar and atmospheric
neutrinos show that solar neutrinos will be driving the
bounds on the nonstandard mediator because of the larger
event rate with respect to atmospheric neutrinos. In
particular, 1 yr exposure to solar neutrinos could exclude
a region of the parameter space similar to the one excluded
by the observation of neutrinos from a galactic supernova
burst. However, DARWIN will be more competitive on the
solar neutrino bounds, given its better performance in the
energy range of interest; while the supernova neutrino
bounds will be driven by RES-NOVA-3 because of the
higher energies of supernova neutrinos that are responsible
for a higher event rate in lead.

Our results indicate that detectors employing lead and
xenon targets are characterized by comparable sensitivity to
nonstandard interactions, given akin volumes. It is, how-
ever, important to notice that while the detection of solar
and atmospheric neutrinos is connected to overcoming
detector backgrounds, the observation of supernova neu-
trinos is essentially background free, thanks to the transient
nature of the signal and the high expected event rate, at
the price of being a rare event. We have also tested the
sensitivity of XENONIT to nonstandard coherent scatter-
ing between neutrinos and nuclei. XENONIT performs
better than LUX [13,139], due to its bigger effective
volume, but the bounds obtained by COHERENT [23]
are more stringent.

We have also demonstrated for the cases of a U(1)g_;.
vector boson (Fig. 9) and non-standard scalar coupling to

neutrinos and quarks (Fig. 10) that DARWIN and RES-
NOVA will be competitive with limits derived by relying on
other arguments. In the near future new exciting possibil-
ities of constraining non-standard mediators might come
from the experiments focused on reactor neutrinos such as
CONUS [164], v-cleus [165], CONNIE [166], MINER
[167], and RED [168]. In particular, CONUS is currently
taking the data and its projected bounds in the new
mediator parameter space may be competitive to the ones
derived in this work [21,22].

In conclusion, the possibility of detecting astrophysical
neutrinos with coherent neutrino-nucleus scattering detectors
opens a new window to explore new physics. Excitingly,
it also promises to place the most competitive bounds on
nonstandard neutrino-nucleus coherent scattering.
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APPENDIX A: IMPACT OF THE UNCERTAINTY
IN THE SUPERNOVA MODEL, MASS,
AND DISTANCE

To test the impact of the uncertainty in resolving the SN
distance, and the possible uncertainty in the SN neutrino

vector scalar
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FIG. 11.

Projected 90% C.L. sensitivity bounds on the mass and coupling of the new vector (on the left) and scalar (on the right)

mediators for a SN burst at 10 kpc from Earth detected in RES-NOVA-3 and DARWIN. The plotted bounds are marginalized over CC
and failed SNe. The solid (dashed) lines represent the bounds for the 16 normalization uncertainty equal to 25% (10%). The 10%
uncertainty significantly helps only for the case of high mass vector mediator.
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signal (expressed as an uncertainty on the signal normali-
zation), we compute the projected 90% C.L. exclusion
regions for a SN at 10 kpc from Earth, assuming 10% and
25% uncertainty on the flux normalization. This normali-
zation band includes uncertainties in determining the SN
distance [87,88], differences in the neutrino properties from
various one-dimensional hydrodynamical SN simulations
[85], and uncertainties on the dependence of the neutrino
emission properties from the SN mass [86].

Figure 11 shows the calculated bounds. The solid regions
show results obtained by adopting the SN neutrino
signal with a normalization uncertainty of 25% and the
dashed ones refer to the 10% normalization uncertainty.
Additionally, in order to take into account differences
between the CC-SN and failed SN models (different shapes
of the time integrated SN flux), the bounds are margin-
alized over the CC-SN and failed SN models. The left panel
of Fig. 11 illustrates the expected bounds for the vector
mediator case; the higher normalization uncertainty only
affects the high mass part of the contour plot. This is
explained by the absence of event rate features for high
masses of the vector mediator and the simple (¢*/m2,) or

(¢*/ mé,) effective coupling, which affect the normalization
of the resulting recoil rate. For the scalar mediator case
(plot on the right of Fig. 11), because of the different kinetic
term between the scalar cross section and the vector one,
the change of the normalization uncertainty does not affect
the projected constraints significantly, see also Appendix B.

APPENDIX B: DEPENDENCE OF THE
SUPERNOVA NEUTRINO RATE ON THE
MEDIATOR MASS

To better understand the shape of the exclusion bounds
for the vector and scalar mediators in Figs. 5-7, we here
focus on the spectral features of the predicted recoil rates in
three different mass regimes. Figure 12 illustrates the event
rates for a galactic supernova (CC-NS) at 10 kpc from the
Earth in a Xe based detector. The rates for the vector
(scalar) mediator are in the top (bottom) panels. In each
plot, the solid blue lines represent the event rate for the
standard cross section and the orange band represents its
25% normalization uncertainty. The event rates in the
presence of the new mediator are plotted as blue and beige

CC-SN vector

high mediator mass
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FIG. 12. Expected event rate as a function of the nuclear recoil energy induced by the neutrino signal from a galactic supernova
(CC-SN) at 10 kpc per 1 ton of Xe detector for vector and scalar mediators are shown in blue and beige, in the top and bottom panels,
respectively. The standard event rate (solid red lines) and its 25% normalization uncertainty (orange band) is plotted for reference. The
event rate in the case of low, medium, and high mediator masses is plotted in the left, middle, and right panels respectively. In the case of
a new scalar mediator, the rate always results in higher recoil rates than in the standard scenario; this is not the case for the vector

mediator scenario.
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lines for the same mediator mass and coupling, respec-
tively. From Fig. 12, we see that the event rates for the
scalar mediator are always larger than the standard
recoil rate.

In the low mediator mass limit (2E,my > m%z,. o left

panels of Fig. 12) the event rates are insensitive to the mass
of the mediator independently of the mediator type. The
recoil spectra for the intermediate mediator mass region
QE,my ~ m?z’, o middle panels in Fig. 12) are sensitive to
both mass and coupling of the mediator. In the low and
medium mass regime (left and middle panels of Fig. 12),
the event rates for the new vector mediator experience
characteristic dips in the recoil spectrum due to the
presence of the interference term between the standard
and nonstandard terms in Eq. (5). The exact location of the
dip depends on the new mediator coupling [23]:

_ 29,7 0, - \/EGsz' 0,

E,
2v2GrQ,mr

(B1)

In the high mediator mass limit QE,m; < m%z,.[/) b right
panels in Fig. 12), the nonstandard couplings become
effective couplings. For the vector mediator, the effective
coupling is ~g*/m2, when the interference term dominates
and ~g*/mj, when the nonstandard term dominates. This
effectively means that the total cross section [Eq. (5)] has
the same energy dependence as the standard one, but
another normalization. For the scalar mediator case, since
there is no interference term, the nonstandard part of the
total cross section [Eq. (10)] will scale as ~g*/ m;.
However, due to the different kinematic term with respect
to the standard term, the new total cross section cannot be

simply obtained by varying the cross section normalization.
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