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The sensitivity to new physics of a low threshold scintillating argon bubble chamber measuring coherent
elastic neutrino-nucleus scattering in reactors is reported. Namely, light scalar mediators, sterile neutrino
oscillations, unitarity violation, and nonstandard interactions are studied. The results indicate that this
detector could be able to set stronger constraints than current limits set by the recent COHERENT
measurements. Considering the best scenario, a 100 kg detector located 30 m from a 2000 MWth reactor,
a sterile neutrino search would cover most of the space parameter allowed from the reactor antineutrino
anomaly fit. Unitarity violation studies could set constraints on α11, more stringent than the current
oscillation experiments fit. A low threshold argon detector with very low backgrounds has the potential to
explore new physics in different scenarios and set competitive constraints.
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I. INTRODUCTION

Coherent elastic neutrino-nucleus scattering (CEνNS) is
a Standard Model (SM) process that has attracted interest
from the physics community. CEνNS offers the possibility
to perform high precision measurements in several proc-
esses of the SM [1–6], as well as exploring new physics
(NP) scenarios in nuclear and particle physics [7–12].
CEνNS was first observed by The COHERENT collabo-
ration using a Cesium Iodide (CsI) [Na] crystal [13] and
later with a liquid argon (LAr) detector [14] in the
spallation source Spallation Neutron Source at Oak
Ridge. This elusive process is still pending, to be observed
for neutrinos produced in nuclear reactors, and it is
currently a race among several collaborations [1,15–22].
Recently, evidence of its observation has been reported
using a germanium detector [23], indicating that the first
measurement of this process for reactor neutrinos is
expected within less than a couple of years. The observa-
tion of this process requires a device capable to detect
low-energy nuclear recoils and achieve low backgrounds

operating at low energy thresholds (sub keV) for long time
periods.
Several detectors are currently taking data [15,16,24] or

under construction [1,18–22]. The Scintillating Bubble
Chamber (SBC) collaboration is developing a low thresh-
old argon scintillating bubble chamber aiming to achieve a
100 eV threshold. This device is insensitive to electromag-
netic interactions, which greatly suppresses the majority of
the backgrounds [25,26].
A study of the physics reach of the Scintillating Bubble

Chamber detector showed its high sensitivity to the weak
mixing angle, neutrino magnetic moment, and the search
for a light Z0 gauge boson mediator [26]. This work extends
the physics potential of this detector to other new physics
scenarios, such as searches for light scalar mediators, sterile
neutrinos, unitarity violation, and nonstandard interactions.
The analysis reported in this manuscript also applies to any
other technique reaching 100 eV nuclear recoils, eliminat-
ing electron-recoil backgrounds, and scaling to 10–100 kg
target masses.
A brief description of the experimental scenarios consid-

ered is given in the next section (Experiment Description).
The following section (New Physics) describes the analysis
methods to extract the sensitivity to NP.

II. EXPERIMENT DESCRIPTION

The Scintillating Bubble Chamber is a superheated
detector based on 10 kg of LAr [25,26]. The detector
consists of two fused silica vessels, an inner and an outer
jar. The target fluid is contained between the jars, and this
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system is immersed in a pressure vessel filled with liquid
CF4 acting as thermal bath and hydraulic fluid. The
chamber is designed to operate with a low threshold of
100 eV. This detector has a system of 32 SiPMs
[Hamamatsu vacuum ultraviolet 4 Quads); these sensors
record the light created in the LAr and allow background
discrimination. In addition, an array of eight piezoelectric
sensors are coupled to the quartz jar to register the acoustic
signal created during the bubble formation. Three cameras
and lenses are located outside the pressure vessel for
imaging of the bubbles produced in the LAr.
A bubble chamber has excellent characteristics for the

detection of neutrinos via coherent elastic scattering with
argon nuclei. This detector presents high discrimination
levels for electromagnetic backgrounds and sub-keV oper-
ating threshold allowing the detection of nuclear recoils
induced by CEνNS. A xenon bubble chamber has already
been operated at lower thresholds than fluorocarbon-based
chambers [27], currently reaching thresholds down to
500 eV.1 This has demonstrated insensitivity to electron
recoil backgrounds at the sub-keV threshold with simulta-
neous scintillation and bubble nucleation induced by
nuclear recoils. The main challenge of this experiment is
to keep stable operation conditions for long periods of time
with rejection of electron recoils of the order of 10−8.
Sub-keV thresholds have already been reached by bubble
chambers using noble liquids [28,29].
The SBC collaboration is developing a dedicated cali-

bration program to constrain the nucleation efficiency
function for different thermodynamic conditions and cal-
ibrate the detector response at a 100 eV threshold. This
program includes photo-neutron sources producing nearly
monoenergetic neutrons at different energies (9, 23, 94, and
380 keV) and also includes the calibration of nuclear
recoils via Thomson scattering produced by MeV γ rays.
The expertise to develop this program is built upon the
successful calibration program developed by the PICO
collaboration [30,31].
Three experimental setups are explored in this work,

assuming one year of live time. Setup A assumes a 10 kg

LAr chamber located 3 m from a 1 MWth reactor, and setup
B considers a 100 kg LAr chamber located at 30 meters
from a 2000 MWth power reactor. Setups A and B use
2.4% uncertainty in the antineutrino flux. Setup B(1.5) is
the same as setup B but uses a 1.5% uncertainty in the
antineutrino flux (this is the uncertainty measured by the
Daya Bay experiment from the reactors of the Daya Bay
and Ling Ao nuclear power plants) [32]. The calibration
strategy for the detector and backgrounds estimated with a
GEANT4 [33–35] Monte Carlo simulation used for the study
described in this manuscript are described elsewhere [26].
Table I shows the main parameters assumed for the three
setups considered and the expected backgrounds estimated
with the GEANT4 simulation. The relevant backgrounds are
divided into two main categories; reactor backgrounds,
produced by neutrons, ðγ; nÞ reactions and Thomson
scattering, and cosmogenic backgrounds, produced by
neutrons and spallation ðμ; nÞ reactions.
A Training, Research, Isotopes, General Atomics Mark

III research reactor located at the National Institute for
Nuclear Research (ININ) near Mexico City is being
explored as a possible location for setup A. This reactor
is movable, located inside a water pool, that would allow
baselines between 3 and 10 m. The Laguna Verde (LV)
power reactor consisting of two boiling water reactors-5
units located on the east coast of Mexico in the Gulf of
Mexico is also explored as a possible location for setups B.

III. NEW PHYSICS

The potential to probe NP scenarios with the 10 kg and
100 kg LAr bubble chambers in the three proposed setups is
investigated. The functional form of the nucleation effi-
ciency is described by a normal cumulative distribution
function (Gaussian cumulative distribution function), fol-
lowing the approximated shape measured in C3F8 [30,31].
The probability of a recoil to nucleate a bubble is then
expressed as

PrðTÞ ¼ 1

2

�
1þ erf

�
T − ET

σ
ffiffiffi
2

p
��

; ð1Þ

TABLE I. Relevant parameters assumed for the setups considered and expected backgrounds estimated with a GEANT4 simulation.

Setup

LAr
mass
(kg)

Power
(MWth)

Distance
(m)

CEνNS
events
per day

Anti-ν flux
uncertainty

(%)

Threshold
uncertainty

(%)

Backgrounds
(events/day)

Reactor Cosmogenic Total

Neutrons ðγ; nÞ Thomson Neutrons ðμ; nÞ
A 10 1 3 8.1 2.4 5 0.003 0.22 0.0002 0.38 0.47 1.07
B 100 2000 30 1565.2 2.4 5 0 0 0 125 55 180
B(1.5) 100 2000 30 1565.2 1.5 2 0 0 0 125 55 180

1Low-threshold performance from private communication,
publication in preparation by the SBC collaboration.
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where T is the energy of the recoil, ET ¼ 100 eV and
σ ¼ 10 eV.
The Standard Model cross section for CEνNS is

dσ
dT

¼ G2
F

2π
MNQ2

w

�
2 −

MNT
E2
ν

�
F2ðq2Þ; ð2Þ

where Eν is the neutrino energy, T, MN , and Fðq2Þ are the
nuclear recoil energy, mass, and form factor, respectively,
and

Qw ¼ ZgVp þ NgVn ; ð3Þ

is the weak nuclear charge, with Z, N the proton and
neutron numbers of the detector material, and gVp ¼
1=2 − 2 sin2 θW , gVn ¼ −1=2. The nuclear form factor is
approximately equal to 1 given the low energies of reactor
antineutrinos. The number of events is calculated by
convoluting the cross section with the reactor antineutrino
spectra. The theoretical prediction of the Huber þMueller
model [36,37], with a 2.4% uncertainty, is considered. The
uncertainties in the form factors are negligible with respect
to the uncertainty in the antineutrino spectra [38].
A fit with the following χ2 function is performed:

χ2 ¼ min
α;β;γ

��
Nmeas − ð1þ αÞNthðX; γÞ − ð1þ βÞB

σstat

�
2

þ
�
α

σα

�
2

þ
�
β

σβ

�
2

þ
�
γ

σγ

�
2
�
; ð4Þ

where Nmeas is the measured events, NthðX; γÞ is the
theoretical prediction with a threshold set at
ð1þ γÞ100 eV, B is the background coming from the
reactor, σstat is the statistical uncertainty, and σα;β;γ are
the systematic uncertainties on the signal, background, and
energy threshold, respectively. The variable X refers to the
parameter to be fitted. The statistical uncertainty can be
expressed as

σstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nmeas þ Bcosm

p
; ð5Þ

where Bcosm is the background from cosmogenic neutrons.
The χ2 function is minimized over the nuisance param-

eters α, β, and γ. Note that α is used to take into account the
systematic errors coming from the antineutrino flux. The
uncertainty of 2.4% from the Huber þMueller model is
translated to σα ¼ 0.024. On the other hand, β will consider
the systematic error due to reactor backgrounds, which for
the setup at the ININ is taken as 10%, namely σβ ¼ 0.10.
This parameter is not included for setups B and B(1.5) since
the location where the chamber would be placed at LV
(30 m from the reactor core) is outside of the reactor
building. Lastly, γ considers the uncertainty in the energy
threshold, with an assumed value of 5% for setups A and B,

based on previous experience calibrating the PICO bubble
chambers. In addition, an uncertainty of 2% is assumed for
setup B(1.5) to explore the maximum potential of this
detector. The analysis performed is not sensitive to the
energy threshold and reactor background uncertainties
since the constraints are limited by the antineutrino flux
uncertainty, due to the high number of events expected in
one year for the three setups considered. All the uncer-
tainties considered for the different setups are shown in
Table I.
The following sections describe the new physics reach of

the detector to a light scalar mediator, a sterile neutrino
search, unitarity violation, and nonstandard interactions.

IV. LIGHT SCALAR MEDIATOR

A light scalar mediator with universal coupling to quarks
and leptons is considered. In such a case, the effective
dimension six operator is proportional to the square of the
ratio of the coupling over the mass. The scalar contribution
to the CEνNS cross section is expressed as

dσ
dT

¼ M2
N

4π

g4ϕQ
2
ϕT

E2
νð2MNT þM2

ϕÞ2
; ð6Þ

which is added to the SM contribution without interference.
Here, the coupling Qϕ is a function of the hadronic form
factors fp;nTq

[39]. The 95% exclusion regions for setups
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FIG. 1. Exclusion regions at 95% CL in the gϕ −Mϕ plane.
The solid purple line represents the limit for setup A, while the
orange line is the limit for setup B. The shaded brown and yellow
regions correspond to the exclusions set by the COHERENT
collaboration, using CsI [13] and LAr [14,40] detectors, respec-
tively. These limits were calculated from data published by the
COHERENT collaboration.
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A and B in the plane gϕ −Mϕ are shown in Fig. 1, together
with the current limits obtained using data from the
COHERENT-CsI and -LAr measurements. The setups A
and B will give stronger constraints than the current
COHERENT data, due to the higher number of events
expected.

V. STERILE NEUTRINO SEARCH

The three neutrino oscillations have been confirmed by
many experiments [41–43] in agreement with the SM with
three massive neutrinos. Despite this successful descrip-
tion, there are several experimental results [44–46] that
could extend the current three flavor model, pointing to the
existence of at least one additional sterile neutrino. These
extra neutrinos are known as “sterile” since they might
interact only through the mixing with the active states.
CEνNS offers a window to search for sterile neutrinos,
allowing to set constraints in different scenarios. A 3þ 1
neutrino hypothesis is explored in this work, and sensitivity
limits are established by measuring CEνNS with the
scintillating bubble chamber near a reactor for the three
setups under study. The ν̄e survival probability can be
expressed as a function of the propagation length (L), the
neutrino energy (Eν), and the 4 × 4 neutrino mixing matrix
as follows:

Pν̄e→ν̄e

�
L
Eν

�
¼ 1 − 4

X
k>j

jUekj2jUejj2 sin2
�Δm2

kjL

4Eν

�
;

¼ 1 − sin2 2θ13 sin2Δ13

− sin2 2θ14 sin2Δ41; ð7Þ

where Uαi is the neutrino mixing matrix element for flavor
να (α ¼ e, μ, τ) and mass eigenstate νi (i ¼ 1, 2, 3). The
neutrino squared-mass differences are represented as
Δm2

ij ¼ m2
i −m2

j , and Δij is a function of the ratio L=Eν,
expressed as follows:

Δij ¼ 1.267Δm2
ij

�
L
Eν

�
: ð8Þ

Figure 2 shows the limits established by individual
analysis for the three setups and an analysis using the
far/near ratio for setup A. This is possible due to the fact
that the reactor considered for setup A is movable, inside a
water pool. This results in baselines from 3 to 10 m. The far
location considered is at 7 m, with the near at 3 m.
Setup B(1.5) will cover all the reactor anomaly, and it

will give stronger constraints than any other experiment
for 10 < jΔm2

41j < 80 eV2. KARMENþ LSND [47] alter-
nate the best limits with setup B(1.5) in the region
3 < jΔm2

41j < 10 eV2. These results reflect the importance
of reducing the uncertainty in the antineutrino flux since
that is the only difference between setups B and B(1.5).

VI. UNITARITY VIOLATION

Measuring CEνNS in a reactor allows one to study
unitarity violation (UV) in the neutrino mixing matrix,
predicted by many new physics scenarios [48–51], includ-
ing heavy sterile neutrinos. In this scenario, constraints are
set in the nonunitarity parameters through the neutral
current. The addition of extra heavy fermions implies
the nonunitarity of the 3 × 3 light neutrino mixing matrix.
In this case, the generalized charged current weak inter-
action mixing matrix is expressed as

N ¼ NUV · U3×3; ð9Þ

where NUV represents the UVeffects corresponding to new
physics, and U3×3 is the standard 3 × 3 unitary mixing
matrix [52]. The NUV matrix can be parametrized as
follows:

NUV ¼

0
B@

α11 0 0

α21 α22 0

α31 α32 α33

1
CA; ð10Þ
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FIG. 2. Expected 95% CL exclusion region from sterile
neutrino searches. The black dashed and dotted lines represent
an expected limit for setup A with a distance of 3 m and for
a far/near ratio, respectively. The far(near) location is at 7(3) m.
The orange dashed and dotted lines characterize an exclusion
sensitivity for setups B and B(1.5), respectively. A comparison of
the sensitivity limits is performed with other experiments such as
Daya Bay [54] 95% CL (green), KARMENþ LSND [47]
95% CL (light blue), NEOS [55] 90% CL (red), and KATRIN
[56] 95% C.L (dark blue). The shaded region is allowed by the
reactor antineutrino anomaly fit [55,57], enclosing favored
solutions. The rest of the contours disfavor solutions to their right.
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where the diagonal elements are real numbers and the off
diagonal are complex. For the case of short-baseline
experiments, such as the three setups considered in this
work, the UV contribution arises from the zero-distance
effect. Hence, the survival and transition probabilities of
interest considering an electron antineutrino source can be
expressed as

Pee ¼ α411;

Peμ ¼ α211jα21j2;
Peτ ¼ α211jα31j2: ð11Þ

The parameters α11, α21, and α31 are estimated with an χ2

function identifying the optimal values of the parameters
for setups A, B, and B(1.5). Since CEνNS is flavor blind,
namely all the neutrino flavors are detected, Nth is given by
the sum of the UV contributions of the three flavors as

Nth ¼ α211ðα211 þ jα21j2 þ jα31j2ÞNmeas; ð12Þ

where the fit for the χ2 function is defined in Eq. (4).
Figures 3 and 4 show the expected sensitivities of the

considered setups, to the diagonal and nondiagonal param-
eters, respectively, along with the current limits set by
global neutrino oscillation data fits [53]. In addition, Fig. 5
presents the expected constraints [90% confidence level
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FIG. 3. Sensitivity of the diagonal parameter α11 for setups A
(red), B (blue), and B(1.5) (black). The sensitivity from oscil-
lation data [48] is also presented (blue shaded region). The fit was
done by varying α11, while α21 and α31 were marginalized. The
three setups considered set better constraints, at 90% CL, than
those obtained from oscillation data. Values are excluded to the
left of the blue shaded region.
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FIG. 4. Sensitivity of the nondiagonal parameter α21. The
projections for setups A (red), B (blue), and B(1.5) (black) are
compared with upper limits from global oscillation fits [48]
(blue shaded region). In this case, α21 was varied, while α11
and α31 were minimized. The oscillation data set better con-
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(CL)] in the jα21j2 − jα11j2 parameter space. It can be noted
that the scintillating bubble chamber could establish
stronger constraints than oscillation experiments for the
case of α11.

VII. NONSTANDARD INTERACTIONS

Any deviation from the SM CEνNS cross section would
hint for physics beyond the Standard Model. The most
common modification of the SM Lagrangian is through the
nonstandard interactions (NSI) formalism, that consists of
modifying the neutral current component with the extra
contribution,

LNSI
NC ¼ −2

ffiffiffi
2

p
GF

X
f;P;α;β

εfPαβ ðν̄αγμPLνβÞðf̄γμPXfÞ; ð13Þ

where f represents the u and d quarks, α and β correspond
to the neutrino flavors ðe; μ; τÞ, PX is the right and left
chirality projectors, and εfPαβ represents couplings that
characterize the strength of the NSI. Figure 6 presents
constraints (90% CL) to the values of the parameters εfVee

from the projection of setup A. The constraints from
COHERENT-LAr are the single gray band, while the
COHERENT-CsI limits result in the two light-blue striped
bands. Setup A is shown, which is the less restrictive setup
for the scintillating bubble chamber. For this scenario, the
constraints are no longer one band but two very narrow
bands, shown in red color.

VIII. CONCLUSIONS

The sensitivity for different new physics scenarios of a
low threshold LAr scintillating bubble chamber measuring
CEνNS in a reactor has been investigated. The work
reported in this manuscript shows better sensitivity than
the current results established by the COHERENT col-
laboration, demonstrating the high potential of the bubble
chamber technology. Searches for a light scalar mediator
can achieve coupling values as low as ∼10−6 for masses of
∼10−3 GeV. By combining the setups described in the
manuscript, namely a 10 kg detector at 3 m from a 1 MWth
reactor and a 100 kg detector at 30 m from a 2000 MWth

power reactor, a search for sterile neutrinos in the jΔm2
41j

range of 10−2–103 eV2 would exclude the majority of the
parameter space allowed by the reactor antineutrino
anomaly. In addition, strong limits on the nonunitarity of
the 3 × 3 neutrino mixing matrix are achieved after one
year of exposure, competitive with current neutrino oscil-
lation data fits. Lastly, results on nonstandard interactions
by modifying the neutral current component with the
addition of new couplings show complementarity with
the results from the CHARM experiment. CEνNS experi-
ments and, in particular, the scintillating bubble chamber,
will be competitive to many diverse new physics scenarios.
The scintillating bubble chamber detector could achieve a
competitive and comprehensive physics program with
setups in either research reactors or power commercial
reactors.
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