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The physics reach of a low threshold (100 eV) scintillating argon bubble chamber sensitive to Coher-
ent Elastic neutrino-Nucleus Scattering (CEvNS) from reactor neutrinos is studied. The sensitivity
to the weak mixing angle, neutrino magnetic moment, and a light Z’ gauge boson mediator are
analyzed. A Monte Carlo simulation of the backgrounds is performed to assess their contribution to
the signal. The analysis shows that world-leading sensitivities are achieved with a one-year exposure
for a 10 kg chamber at 3 m from a 1 MWy, research reactor or a 100 kg chamber at 30 m from a
2000 MWy, power reactor. Such a detector has the potential to become the leading technology to

study CEvNS using nuclear reactors.

INTRODUCTION

The detection of neutrinos produced at nuclear re-
actors via Coherent Elastic neutrino-Nucleus Scattering
(CEvNS) presents both an experimental challenge and a
host of new opportunities in neutrino physics. Measure-
ments of CEvNS to date have relied on pion decay-at-rest
neutrino sources [1, 2|, measuring O(10)-keV nuclear re-
coils and taking advantage of the ~10~* duty cycle of the
Spallation Neutron Source at Oak Ridge National Lab-
oratory. By contrast, the few-MeV neutrinos produced

by nuclear reactors give a continuous rate of sub-keV nu-
clear recoils, requiring an order-of-magnitude reduction
in threshold and many-order-of-magnitude reduction in
backgrounds. The payoff, if these challenges are met,
includes precision measurements of neutrino properties
enabled by the up to x10°-higher neutrino flux, fully co-
herent scattering of low-energy neutrinos and pure anti-
electron neutrino flavor. A variety of detector technolo-
gies are now in an experimental race to make the first

reactor CEvNS observation [3-13].

This paper explores the potential neutrino physics
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reach of a new enabling technology for reactor CEvNS
detection, the liquid-noble (scintillating) bubble cham-
ber. As in dark matter direct detection, this technique
achieves the necessary background reduction by distin-
guishing between nuclear recoils (signal) and electron re-
coils (backgrounds from ~-rays and beta decays), but
where existing detection techniques lose discrimination at
nuclear recoil energies below ~1 keV [14-18], the liquid-
noble bubble chamber may maintain discrimination at
nuclear recoil energies as low as 100 eV. This study takes
a specific scenario motivated by the work of the Scintillat-
ing Bubble Chamber (SBC) Collaboration [19], but qual-
itatively the results would apply to any technique that (1)
has a measurable and calibrated response to 100-eV nu-
clear recoils, (2) eliminates electron-recoil backgrounds
through discrimination, (3) is able to measure nuclear-
recoil backgrounds in-situ through side-band analyses,
and (4) scales to 10-100-kg target masses.

A description of the detailed experimental scenarios
considered and the ways in which they meet the above
requirements is given in the next section (Experiment
Description). The following section (Physics Reach) in-
vestigates the sensitivity of these experiments to the
weak mixing angle, the neutrino magnetic moment, and
a Non-Standard Interaction (NSI) through a Z’ gauge
boson mediator. We conclude that reactor CEvNS pro-
vides both a realistic and powerful opportunity to con-
strain and discover neutrino physics beyond the Standard
Model (SM).

EXPERIMENT DESCRIPTION

Superheated liquids have been used for over a decade
by dark matter direct detection experiments searching
for Weakly Interacting Massive Particles (WIMPs), most
recently in the PICO Collaboration’s fluorocarbon bub-
ble chambers [20-23]. Nuclear recoils in the superheated
targets of these devices create a single bubble, which,
if the nuclear recoil energy is above a threshold set by
the temperature and pressure of the target fluid, grows
within a few milliseconds to macroscopic size!. These de-
tectors are completely insensitive to electron recoils (nu-
cleation efficiency <1071°) when operated with nuclear
recoil thresholds above a few keV [18], since the bubble
nucleation depends not only on the energy deposited by
the incoming particle but also on its stopping power.

1 This process is described by the Seitz model of bubble nucle-
ation [24].

Work by the SBC Collaboration has shown that
liquid-noble bubble chambers are able to operate at
much higher degrees of superheat (lower thresholds)
than fluorocarbon-based detectors [25]. Most recently, a
xenon bubble chamber was operated at thresholds down
to 500 eV? while remaining insensitive to electron re-
coil backgrounds, proving the feasibility of reducing the
threshold with noble liquids and demonstrating simulta-
neous bubble nucleation and scintillation by nuclear re-
coils. The SBC Collaboration is currently designing and
building a 10-kg liquid argon (LAr) bubble chamber with
a target energy threshold of 100 eV. This detector will be
equipped with Silicon Photomultipliers (SiPMs) to col-
lect scintillation light generated in the target fluid, used
to veto high-energy events (g 5-keV nuclear recoil equiv-
alent). These experimental techniques and developments
open a new window of opportunity to study CEvNS in
nuclear reactors using noble liquids operated at very low
thresholds and free of electron recoil backgrounds.

Two main detector configurations are considered in
this work: a 10-kg LAr chamber operated at a 100-eV
energy threshold and located 3 m from a 1-MWy;, reactor
(setup A)?, where ~8 neutrino events/day above thresh-
old are expected; and a 100-kg LAr chamber operated
at the same threshold and located 30 m from a 2000-
MW,;;, power reactor (setup B)*, where ~1570 neutrino
events/day above threshold are expected. These config-
urations assume a 2.4% uncertainty in the anti-neutrino
flux and 5% systematic uncertainty in the energy thresh-
old. A third configuration named setup B(1.5) is also
considered, with the same parameters as setup B but
with a 1.5% uncertainty in the anti-neutrino flux and a
2% systematic uncertainty in the energy threshold.

Backgrounds

A GEANT4 [26-28] Monte Carlo simulation was
developed to estimate the main background contribu-
tions, primarily neutrons from cosmic rays and the
reactor itself. While backgrounds from cosmic rays can
be statistically subtracted with a reactor-off dataset,

2 Low-threshold performance from private communication, publi-
cation in preparation.

3 A TRIGA Mark III research reactor located at the National In-
stitute for Nuclear Research (ININ) near Mexico City is being
explored as a possible location.

4 The Laguna Verde (LV) power reactor consisting of two BRW-5
(Boiling Water Reactors) units located in the east coast of Mex-
ico in the Gulf of Mexico is also explored as a possible location.



reactor-induced backgrounds must be estimated with
in-situ measurements and simulations.
were studied in the explored sites at the National
Institute for Nuclear Research (ININ) near Mexico City,
for the 1 MWy, reactor configuration, and at Laguna
Verde (only from cosmic rays and not from the reactor)

Backgrounds

on the east coast of Mexico, for a 2000 MWy, reactor.

For setup A, the model includes the experimental
hall at ININ, which is surrounded by approximately
3 m of high-density borated concrete that will act as a
shield for cosmogenic neutrons. Moreover, the shielding
model features 25 cm of water and 5 cm of polyethylene
surrounding the detector, a 30 cm thick Pb-wall between
the water pool and the shielding, and another 20 cm
thick Pb-wall next to the bubble chamber. The distance
between the reactor core centre and the bubble chamber
is 3 m, including 1.6 m of water shielding provided by
the reactor pool.

Neutrons produced by the reactor core are estimated
using a measurement at ININ performed as part of the
radiation programme [29, 30]. Nuclear recoils produced
by (v, n) reactions and Thomson (y-nucleus elastic)
scattering [31] from ~-rays produced by the reactor are
estimated using a gamma flux simulation for a TRIGA
Mark III reactor, obtained with an MCNP model of the
core [6].

Cosmogenic neutrons are estimated with a simulation
of the neutron flux using the code CRY [32] and neu-
trons induced by muons interacting with materials in the
deployment site are estimated using the parametrization
from [33] in water and concrete.

The simulations predict 0.25 events/day above
threshold (3.1% of the signal) from backgrounds pro-
duced by the reactor. Of these, 0.03 events/day (0.4%
of the signal) are from reactor neutrons, 0.16 events/day
(2.0% of the signal) are from 2H(+,n) reactions in the
water, and 0.06 events/day (0.7% of the signal) are
from 208Pb(y,n) and 2°7Pb(y,n). The shielding concept
proposed reduces the gamma flux from the reactor core
to ~1 Hz in the LAr target volume. At this rate electron
recoil backgrounds are negligible given the expected
insensitivity to these events. Thomson scattering is
expected to contribute 0.0002 events/day (<0.01% of
the signal).

The simulations also predict 0.85 events/day above
threshold (10.8% of the signal) from backgrounds
produced by cosmic rays, including 0.38 events/day
from cosmogenic neutrons (4.8% of the signal) and 0.47
events/day (6.0% of the signal) from muon-induced
neutrons in water and concrete.

For setups B and B(1.5), only simulations for

cosmogenic and muon-induced neutrons were consid-
ered, since at 30 m (usually outside of the reactor
building) the backgrounds produced from the core are
negligible. Shielding consisting of 3 m of water and
50 cm of polyethylene is included in this simulation,
which reduces the backgrounds from cosmic rays to
180 events/day above threshold (11.5% of the signal),
including 125 events/day from cosmogenic neutrons and
55 events/day from muon-induced neutrons in the water
shield.

Backgrounds from internal radioactivity are negligi-
ble for all configurations, accounting for approximately
0.003 events/day above threshold (<1% of the signal),
where the purity of the components assumed is similar
to the materials used in bubble chambers built by the
PICO Collaboration [20, 22].

Overall, the background contribution to the signal is
estimated to be on the order of 5% (from the reactor)
and 11% (from cosmic rays) for setup A, and 12% (from
cosmic rays) for setups B and B(1.5). The physics reach
reported in this manuscript assumes these background
levels, which do not consider the ability to veto g 5-
keV recoils by their scintillation light. A systematic
uncertainty of 10% is assumed for reactor backgrounds,
which can be characterized in-situ from non-signal
regions (multiply-scattering neutron events and bubbles
coincident with scintillation signals).  Backgrounds
from cosmic rays are statistically subtracted with no
systematic uncertainty.

Calibration

The response of a bubble chamber to nuclear recoils is
described by a nucleation efficiency function, represent-
ing the probability of a recoil with energy T to nucleate
a bubble, rising from 0 to 100% in the vicinity of an en-
ergy threshold Er. For the physics reach reported here,
a Normal Cumulative Distribution Function (Gaussian
CDF) is assumed,

Pr(T) = % (1 4 erf (TU_\/?» , (1)

where E7 is set to 100 eV and the width o is set to
10 eV, a comparably sharp turn-on to that observed in
C3Fg [22]. This functional form is chosen for convenience;
the exact shape will need to be experimentally measured.
A 5% (setups A and B) or 2% (setup B(1.5)) systematic
uncertainty in Ep is assumed, intended to encompass
both threshold and general shape uncertainties following



a calibration program.

Low energy, nearly mono-energetic, neutrons can be
produced by (v,n) reactions in beryllium. Three photo-
neutron sources, each producing different recoil energy
spectra in the detector, are proposed to calibrate low-
energy nuclear recoils. 207Bi-Be (94 keV neutrons),
124Gh Be (23 and 380 keV neutrons) and *8Co-Be (9 keV
neutrons) sources were simulated in the GEANT4 geom-
etry developed for the 10-kg chamber. The simulations
indicate that with sources of 1 to 100 pCi activities, high-
statistics recoil energy spectra below 8 keV, 3 keV, and
1 keV can be achieved with the 2°7Bi-Be, ?4Sb-Be, and
58Co-Be sources, respectively. These sources would al-
low constraint of the nucleation efficiency function for
different thermodynamic conditions. A similar technique
has previously been implemented by the PICO Collabo-
ration [22].

Blindness to electron recoils allows for a novel ad-
ditional calibration with nuclear recoils from Thomson
scattering. For example, 1.33, 1.41 and 1.46 MeV ~v-rays
from %°Co, 2Eu and *°K produce nuclear recoil spectra
with sharp cut-offs at 95, 107 and 115 eV respectively,
and would provide strong constraints on the nucleation
efficiency for recoils ~100 eV. Finally, a tagged recoil
calibration may be possible with thermal neutrons. De-
excitation v-rays from neutron capture on °Ar result in
a recoiling ! Ar nucleus with energy peaked ~320 eV.

PHYSICS REACH

The physics reach of the setups described above is in-
vestigated for a one-year exposure. The SM cross-section
for CEvNS, after neglecting the axial contribution, is:

o %MNQz(z—MNT)FW), @

dT: 27

where T is the nuclear recoil energy, E, the incoming
neutrino energy, F(q?) the nuclear form factor, Q, =
Zgz‘,/ + NgV is the weak nuclear charge and My, Z,
N are the nuclear mass, proton, and neutron number
of the detector material, respectively. The cross-section
is convolved with the reactor anti-neutrino spectrum
and the detector efficiency to compute the number of
events. The theoretical prediction of the Huber+Mueller
model [34, 35], which gives a 2.4% uncertainty in the to-
tal flux, is considered for setups A and B for neutrino
energies between 2 and 8 MeV (Ref. [36] is used for neu-
trinos below 2 MeV). On the other hand, the Daya Bay
experiment measured the anti-neutrino flux from their
reactors with an uncertainty of 1.5% [37]. Setup B(1.5)

considers this uncertainty. It is worth mentioning that
at reactor energies, the uncertainties in the form factors
are negligible compared to the uncertainty in the anti-
neutrino spectrum [38].

The sensitivity of this experiment is fitted with the
following x? function:

x? = min
a,B,y

Ostat

@) @)] e

where Npeas 1S the measured number of events after

[(Nmm(1+a)Nth(X,v)(1+/3)Breac ) 2

subtracting the background from cosmogenic and muon-
induced neutrons (Beosm), Nin(X,7) is the theoreti-
cal prediction with the nuclear recoil threshold set to
(147)-100 €V, Bieac is the background coming from the
reactor, Ogiar = \/ Nieas + (R + 1) Beosm 18 the statisti-
cal uncertainty, where R is the ratio of reactor-on time
to reactor-off time’, and o, 5. are the systematic un-
certainties on the signal, background, and threshold, re-
spectively.
be fitted (weak mixing angle, NSI parameters, or neu-
trino magnetic moment). The x? function is minimized
over the nuisance parameters «, 8 and 7. The system-
atic uncertainties have the values o, = 0.024, o3 = 0.1,

The variable X refers to the parameter to

and o4 = 0.05 for setups A and B, coming from the un-
certainty on the anti-neutrino flux, the reactor neutron
background, and the energy threshold, respectively. The
parameters 8 and og are absent in setups B and B(1.5)
since the reactor component of the background reaching
the detector is negligible. The systematic uncertainties
for setup B(1.5) are o, = 0.015 and 0., = 0.02. In the
following analyses, Npyeas is assumed to be the SM pre-
dicted signal.

The Weak Mixing Angle

Assuming that the experiment measures only the SM
signal, a fit is performed and the value of the weak mixing
angle at low energies is extracted with its corresponding
uncertainty. The weak mixing angle can be extracted
from the CEvNS differential cross-section through the
SM weak coupling 91‘7/ = 1/2 — 2sin’ . A fit using
Eq. (3) is performed where X = sin?6fy,. In Fig. 1 the
Renormalization Group Equation (RGE) running of the
weak mixing angle as a function of the energy scale is

5 Four months off time is assumed at ININ (R=3) and one month
off time at LV (R=12).
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FIG. 1: RGE running of the weak mixing angle in the
MS renormalization scheme [39, 40], as a function of the
energy scale u. The expected measurements and 1o un-
certainties for setups A, B and B(1.5) are shown in solid
purple, solid orange, and dashed orange, respectively.
Measurements from other experiments are also presented.
Figure adapted from [39].

shown, in the Minimal Subtraction (MS) renormaliza-
tion scheme [39, 40|, as well as the projections of the
detectors for the setups described, and their estimated
1o uncertainties.

The projection obtained for the configuration assum-
ing 1.5% uncertainty in the reactor spectrum is not
only complementary to the low-energy measurement from
Atomic Parity Violation (APV) [41], but is also the most
sensitive among projections for several CEvNS experi-
ments [42] that assume 1.0% to 1.3% systematic uncer-
tainty in the reactor spectrum.

Light Gauge Boson Mediator

Extra U(1) gauge symmetries are common extensions
of the SM [43-45]. Many phenomenological studies sen-
sitive to both heavy and light Z’ mediators have been
completed combining beam dump experiments and di-
rect searches in colliders [46-48], and even to explain the
anomalous magnetic moment of the muon [49-51]. In
this work, a gauged B — L symmetry is studied, namely
that the extra gauge boson couples to quarks and leptons.
In this scenario, quarks have U(1)p_p, charge Q, =1/3,
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FIG. 2: Exclusion limits (95% C.L.) in the ¢’-M plane.
The solid purple, solid orange and dashed orange lines
represent the limits for setups A, B and B(1.5), respec-
tively. The dash-dotted gray curve is the exclusion set
by CONNIE [55]. The shaded brown and yellow regions
correspond to the exclusions set by COHERENT, using
CslI [1] and LAr [2, 56] detectors, respectively. Exclusion
regions for dark photon searches from BaBar [57] and
LHCb [58] are shown in light gray, and from beam dump
experiments [59-68] are shown in blue. These limits were
obtained in the framework of Ref. [69]. The exclusion re-
gion from an ATLAS search for dilepton resonances [70]
is also shown in light gray, using the software developed
in Ref. [71].

while leptons have Q; = —1%. This will induce the fol-
lowing Beyond the SM interaction between neutrinos and
quarks:

_ g/2Qqu = 7
Leg = *m ;Va’)/ Prv,

[Z QV/LQ] , (4)

where ¢ is the transferred momentum. This interaction
will give rise to interference with the SM cross-section.

In Fig. 2 the expected sensitivities from the detec-
tors are shown for all setups in the ¢’ — My, plane. The
limits for a one-year exposure are better than other cur-
rent CEvNS experiments for all setups. The scintillating
bubble chamber would be the leading technology in new
vector boson searches from 20 MeV to ~1 GeV and from
70 to 230 GeV.

6 These constraints are similar to scenarios of gauged B — 3L.
[52, 53], B—2Le — Ly, and B — Le — 2Ly, + [54].
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FIG. 3: Limits for the neutrino magnetic moment. The
solid purple, solid orange and dashed orange lines rep-
resent the limits for setups A, B and B(1.5), respec-
tively. The shaded brown and yellow regions correspond
to the exclusions set by COHERENT, using CsI [1] and
LAr [2, 56] detectors, respectively.

The Neutrino Magnetic Moment

Neutrino magnetic moments can arise from their in-
teraction with the electromagnetic field, either for Ma-
jorana or Dirac neutrinos [72, 73]. This new interaction
contributes to the CEvNS cross-section without interfer-
ence, with the following expression:

do QA 22 (1 1 T 9, 9
o Qems My (2 2 L o
" \7 g tag)w) O

where agy is the electromagnetic coupling and m, is the
electron mass. The neutrino magnetic moment, u,, is
normalized by the Bohr magneton up.

The resulting limits from the x? analysis for the
three setups are presented in Fig. 3. The bounds on
the neutrino magnetic moment are of the same order of
magnitude as the current GEMMA and Borexino bounds
[74, 75].

CONCLUSIONS

The physics reach of a low threshold LAr scintillat-
ing bubble chamber for CEvNS in a reactor has been
investigated. A Monte Carlo simulation has shown that
it is possible to reach a background level approximately
10% of the signal (in-situ measurements would constrain
the associated systematic uncertainties). A plan to de-

termine the nuclear recoil efficiency at a 100 eV energy
threshold has been evaluated with the Monte Carlo model
developed, showing that it is possible to calibrate to sub-
keV energy thresholds using photo-neutron and Thom-
son scattering sources. The sensitivity for an electroweak
precision test, a new vector mediator, and the neutrino
magnetic moment is very competitive under realistic as-
sumptions for backgrounds and systematic uncertainties.
A precision as good as 1% is obtained in the case of the
weak mixing angle, a value of the same order as the uncer-
tainty from APV. The setups considered here would set
the most stringent bounds for new gauge vector bosons
in the 20 MeV to ~1 GeV and 70 to 230 GeV mass
ranges. For the neutrino magnetic moment, the best sce-
nario gives a bound of 5.4 x 10~ up (90% C.L.), of the
same order of magnitude as the current GEMMA and
Borexino limits. This detector technology has the poten-
tial to lead different physics scenarios for coherent elas-
tic neutrino-nucleus scattering experiments and a world
leading physics programme can be achieved not only in
a power reactor facility (2000 MWy, ), but also in a low
power research reactor (1 MW,;) with only a one-year
exposure.
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