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After the first observation of coherent elastic neutrino-nucleus scattering (CEνNS) by the COHERENT
Collaboration, many efforts are being made to improve the measurement of this process, making it possible
to constrain new physics in the neutrino sector. In this paper, we study the sensitivity to non-standard
interactions (NSIs) and generalized neutrino interactions of two experimental setups at the Spallation
Neutron Source at Oak Ridge National Laboratory: a NaI detector with characteristics similar to the one
that is currently being deployed there and a cryogenic CsI detector proposed at the same facility. We show
that a combined analysis of the data from these detectors, whose target nuclei have significantly different
proton-to-neutron ratios, could help to partially break the parameter degeneracies arising from the
interference between the Standard Model and NSI contributions to the CEνNS cross section, as well as
between different NSI parameters. By contrast, only a slight improvement over the current CsI constraints
is expected for parameters that do not interfere with the SM contribution.
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I. INTRODUCTION

Coherent elastic neutrino-nucleus scattering (CEνNS) [1]
is a privileged process to probe new physics in the
neutrino sector. So far, the only measurements of CEνNS
have been done at the Spallation Neutron Source (SNS)
at Oak Ridge National Laboratory, USA, by the
COHERENT Collaboration. The first observation of this
process was performed with a CsI detector [2,3]. Another
detector, with liquid argon as a target, was subsequently
used by the COHERENT Collaboration [4]. These mea-
surements allowed to test the Standard Model at low
energy [5], to constrain the neutron root mean square
(rms) radius of cesium, iodine [6] and argon [7], and to
probe various possible manifestations of physics beyond
the Standard Model, such as non-standard neutrino

interactions (NSIs) [8–11], generalized neutrino inter-
actions (GNIs) [10,12–15], neutrino electromagnetic
properties [16–18], new light gauge bosons [14,19–22],
and sterile neutrinos [10,23,24], among others. Future
CEνNS experiments at spallation neutron sources [25–27]
or nuclear reactors [28–31] will provide more data using
different target materials. Particularly interesting is the
possibility to disentangle new physics from Standard
Model parameters using the interplay between experi-
ments with different neutrino sources [32,33]. In addition,
using nuclear targets with different proportions of protons
and neutrons can help to reduce the parameter degener-
acies arising from the interference between standard and
non-standard contributions to CEνNS, e.g., in the pres-
ence of NSIs [8].
A broad class of new physics models predict low-

energy effects in the lepton sector that can effectively be
described in terms of NSIs or GNIs [34–37]. CEνNS is an
excellent process to test such new physics effects and to
resolve the degeneracies that appear in the interpretation of
neutrino oscillation data in the presence of NSIs [38,39].
However, the possibility of constraining NSI parameters
with CEνNS is limited by the possible cancellations
between standard and non-standard contributions to the
cross section, as well as between different NSI couplings.
It is therefore crucial to perform CEνNS measurements
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with different neutrino sources and targets in order to
break these degeneracies [8,9,26,39–41].
In this work, we study the expected sensitivities to non-

standard and generalized neutrino interactions of two
experimental setups at the Spallation Neutron Source: a
NaI detector with characteristics similar to the one that
is currently being deployed there [42], expected to be
sensitive only to sodium recoils [43], and a cryogenic CsI
detector proposed at the same facility [44]. The target
nuclei of these detectors have significantly different proton-
to-neutron ratios (p=n ≃ 0.71, 0.72 for cesium and iodine,
and p=n ≃ 0.92 for sodium). As we will show, this
important feature makes a combined analysis of the data
from both detectors particularly efficient at breaking
degeneracies involving flavor-diagonal NSI parameters.
For generalized neutrino interactions and flavor off diago-
nal NSIs, whose contribution to the CEνNS cross section
does not interfere with the SM one, no significant improve-
ment over the constraints extracted from the current CsI
data is expected.
The paper is structured as follows. In Sec. II, we discuss

the NSI and GNI contributions to the CEνNS cross section.
In Sec. III, we present the experimental setup at the SNS
and the characteristics of the current CsI and future NaI and
cryogenic CsI detectors. Section IV details our analysis
procedure. The expected sensivities of the future detectors,
and of their combination, to NSI and GNI parameters are
presented in Sec. V, and compared with the current CsI
constraints. Finally, we present our conclusions in Sec. VI.

II. THEORETICAL FRAMEWORK

In this section, we discuss the necessary tools to probe
GNI through CEνNS measurements. We begin by intro-
ducing the SM prediction for the CEνNS cross section, and
then we discuss how this cross section is modified when
GNI parameters are introduced.

A. The standard CEνNS cross section

In the Standard Model, the cross section for the coherent
elastic scattering of a neutrino or antineutrino of flavor
α (α ¼ e, μ, τ) and energy Eν off a nucleus with Z protons,
N neutrons and mass M is given [up to subleading terms
of order T=Eν, ðT=EνÞ2 [8] and small radiative correc-
tions [45]] by [1]

dσ
dT

ðEν; TÞ ¼
G2

FM
π

�
1 −

MT
2E2

ν

�
F2ðjq⃗j2ÞQ2

W;α; ð1Þ

whereGF is the Fermi constant, T the nuclear recoil energy,
Fðjq⃗j2Þ the form factor of the nucleon distribution in the
nucleus [46] (assumed to be the same for protons and
neutrons) evaluated at the transferred three-momentum
jq⃗j ≃ ffiffiffiffiffiffiffiffiffiffi

2MT
p

, and

QW;α ¼ ZgpV þ NgnV; ð2Þ

with gpV ¼ 1
2
− 2 sin2 θW and gnV ¼ − 1

2
, is the weak nuclear

charge. Since jq⃗j is typically very small in CEνNS, the
value of the weak mixing angle is taken at zero momentum
transfer (sin2 θW ¼ 0.23867 [47,48]).
The form factor Fðjq⃗j2Þ describes the loss of coherence

of the scattering when jq⃗j≳ R−1, where R is the nucleon
radius. Following the COHERENT Collaboration, we use
the Klein-Nystrand parametrization for the nuclear form
factor [49],

Fðjq⃗j2Þ ¼ 3
j1ðjq⃗jRAÞ
jq⃗jRA

�
1

1þ jq⃗j2a2k

�
; ð3Þ

where j1ðxÞ ¼ ðsin x − x cos xÞ=x2 is the spherical Bessel
function of order one, ak ¼ 0.9 fm and RA ¼ 1.23A1=3 fm
is the nuclear radius, with A the total number of nucleons of
the target nucleus.

B. Non-standard and generalized
neutrino interactions

The CEνNS cross section is potentially affected by any
interaction between neutrinos and quarks that may be
generated by new physics beyond the Standard Model.
The simplest example of such interactions are the so-called
(neutral-current) non-standard neutrino interactions (NC-
NSIs, or NSIs for short), whose phenomenology has been
widely studied (see, e.g., the reviews [35–37,50] and
references therein). They are usually parametrized as

LNC-NSI ¼ −
ffiffiffi
2

p
GFfεfVαβ ðν̄αγμPLνβÞðf̄γμfÞ

þ εfAαβ ðν̄αγμPLνβÞðf̄γμγ5fÞg; ð4Þ

where α; β ¼ e, μ, τ denote the neutrino flavors, f ¼ u, d
label the up and down quarks (we omit the leptonic NSIs,
f ¼ e, as they do not contribute to CEνNS), summation over
α, β, and f is implicit, and εfVαβ , ε

fA
αβ are the vector and axial-

vector NSI couplings, respectively. In this paper, we do not
consider the axial-vector NSIs, because their contribution to
the CEνNS cross section depends on the nuclear spin and is
therefore negligible for heavy nuclei [13], similarly to the
contribution of the neutral current axial couplings in the
SM [8,51].
Non-standard neutrino-quark interactions can have a

more general Lorentz structure than the one of Eq. (4).
Namely, one may also consider scalar, pseudoscalar and
tensor couplings,1 usually dubbed “generalized neutrino
interactions” (GNIs) in the literature [13,34,53],

1The tensor operators ðν̄ασμνPLνβÞðq̄σμνPRqÞ vanish by
Lorentz symmetry [52], hence do not appear in Eq. (5).
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LGNI ¼ −
ffiffiffi
2

p
GFfεqSαβðν̄αPLνβÞðq̄qÞ þ εqPαβ ðν̄αPLνβÞðq̄γ5qÞ

þ εqTαβ ðν̄ασμνPLνβÞðq̄σμνPLqÞg þ H:c:; ð5Þ

where σμν ¼ i
2
½γμ; γν� and q ¼ u, d. Generally, NSIs are

also included in the GNI Lagrangian. In the following, we
will refer to εqSαβ , ε

qV
αβ , and εqTαβ as scalar, vector, and tensor

couplings, respectively (we will not consider pseudoscalar
interactions, which give a negligible contribution to
CEνNS [13,34]). Note that Hermiticity of the Lagrangian
implies εqVβα ¼ ðεqVαβ Þ�, while the matrices of scalar and
tensor couplings do not have any particular symmetry
property if neutrinos are Dirac fermions. If they are
Majorana fermions, instead, one has εqSβα ¼ εqSαβ and

εqTβα ¼ −εqTαβ (in particular, flavor-diagonal tensor couplings
vanish for Majorana neutrinos).
In the presence of scalar, vector, and tensor non-standard

neutrino interactions, thedifferentialCEνNScross section (1)
for an incident neutrino of flavor α is modified to [34]

dσ
dT

ðEν; TÞ ¼
G2

FM
π

F2ðjq⃗j2Þ
X

β¼e;μ;τ

�
jCS

βαj2
MT
8E2

ν
þ jCV

βα

þQW;αδαβÞj2
�
1 −

MT
2E2

ν

�

þ 2jCT
βαj2

�
1 −

MT
4E2

ν

��
; ð6Þ

where subleading terms of orderT=Eν ≪ MT=E2
ν have been

omitted.2 For an incident antineutrino of flavor α, one should
replace CS

βα → CS
αβ, C

V
βα → CV

αβ, and CT
βα → CT

αβ in Eq. (6).
The SM contribution is contained in theweak nuclear charge
QW;α, given by Eq. (2), while the non-standard contributions
are encapsulated in the coefficientsCS

αβ,C
V
αβ, andC

T
αβ, which

are given by [13]

CS
αβ ¼

X
q¼u;d

�
Z
mp

mq
fpq þ N

mn

mq
fnq

�
εqSαβ; ð7Þ

CV
αβ ¼ ð2Z þ NÞεuVαβ þ ðZ þ 2NÞεdVαβ ; ð8Þ

CT
αβ ¼

X
q¼u;d

ðZδpq þ NδnqÞεqTαβ : ð9Þ

For the numerical coefficients appearing in Eqs. (7) and (9),
we adopt the values given in Refs. [54,55], respectively,

fpu ¼0.0208; fpd ¼0.0411; fnu¼0.0189; fnd¼0.0451;

ð10Þ

δpu ¼0.792; δpd ¼−0.194; δnu¼−0.194; δnd¼0.792:

ð11Þ

As for quark masses, we use the central values given by the
Particle Data Group [48], mu ¼ 2.2 MeV and
md ¼ 4.7 MeV. Given the large uncertainties associated
with the light quark masses and with fNq and δNq , many
authors provide constraints on the coefficients CS

αβ and CT
αβ

rather than on the Lagragian parameters εqSαβ and εqTαβ . In this
paper, we choose instead to constrain the Lagrangian
parameters for fixed values of mq, fNq , and δNq . It is
straightforward to translate the current bounds and future
sensitivity estimates on εqSαβ and εqTαβ presented in the next
sections into constraints on CS

αβ and CT
αβ.

Other authors, e.g., in Refs. [10,13,34,56,57], use the
symbols Cq

S, C
q
V , C

q
T instead of εqS, εqV , εqT in Eqs. (7)

to (9), with depending on the normalization convention
either Cq

V ¼ εqV [57] [with the CEνNS cross section given
by Eq. (6)] or Cq

V ¼ 2εqV [10,13,34,56] [in which case, one
should replace CV

αβ by 1
2
CV
αβ in Eq. (6)].

III. EXPERIMENTAL SETUP
AND DETECTORS

In this section,we describe the SNSneutrino beamand the
main characteristics of the three detectors considered in this
paper: the current CsI detector used by the COHERENT
Collaboration, a future NaI detector similar to the one under
deployment at the SNS [42], and a cryogenic CsI detector
proposed by the same collaboration [44].

A. Neutrino beam and predicted number
of CEνNS events

At the SNS, the neutrinos used for CEνNS measure-
ments arise from the decays at rest of the πþ produced,
together with neutrons and π−’s, from the collision of high-
energy protons on a mercury target (in which the π− are
absorbed before decaying). The SNS neutrino beam there-
fore consists of three components: a prompt, monoener-
getic νμ component produced in the two-body decays of
stopped positively charged pions (πþ → μþ þ νμ), and two
delayed ν̄μ and νe components arising from the subsequent
decays at rest of the antimuons (μþ → eþ þ ν̄μ þ νe).
These contributions can be analytically computed and
are given by

dNνμ

dEν
¼ ξδ

�
Eν −

m2
π −m2

μ

2mπ

�
; ð12Þ

2In particular, we omit a scalar-tensor interference term in
Eq. (6), which is proportional to T=Eν and whose sign is different
for neutrinos and antineutrinos [34].
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dN ν̄μ

dEν
¼ ξ

64E2
ν

m3
μ

�
3

4
−
Eν

mμ

�
; ð13Þ

dNνe

dEν
¼ ξ

192E2
ν

m3
μ

�
1

2
−
Eν

mμ

�
; ð14Þ

where Eν is the neutrino energy and ξ ¼ rNPOT=4πL2 is a
normalization factor that depends on several experimental
features: NPOT, the number of protons on target (POT)
throughout the operation time; r, the number of neutrinos
per flavor produced by each POT; and L, the distance
between the source and the detector.
Given the neutrino flux, the predicted number of CEνNS

events in the nuclear recoil energy bin ½Ti; Tiþ1� is given by,
for a target material consisting of a single nucleus with
mass M,

Nth
i ¼ N

Z
Tiþ1

Ti

AðTÞdT
Z

T 0
max

0

RðT; T 0ÞdT 0

×
X

ν¼νe;νμ;ν̄μ

Z
Emax

EminðT 0Þ
dEν

dNν

dEν
ðEνÞ

dσ
dT 0 ðEν; T 0Þ; ð15Þ

where dσ=dT is the relevant CEνNS cross section, given by
Eqs. (1) or (6), and N ¼ NAMdet=Mmol is the number of
nuclei in the detector, which is computed from the detector
massMdet and the molar mass of the nucleusMmol, with NA
the Avogadro constant. The lower limit of the integral over
Eν is the minimal neutrino energy that can induce a nuclear
recoil of energy T 0, EminðT 0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MT 0=2

p
, while the upper

limit Emax is the maximum neutrino energy, which for the
SNS beam is 52.8 MeV. Notice that Eq. (15) depends on
both the real (T 0) and the reconstructed (T) nuclear recoil
energies, with RðT; T 0Þ the smearing function, which may
be different for each detector, and the upper limit of the
integral over T 0 is the maximal nuclear recoil energy
that can be induced by a neutrino from the beam,
T 0
max ¼ 2E2

max=M. Finally, AðTÞ is an acceptance function,
which also depends on the detector. If the target material
consists of two nuclei, as is the case for the CsI and NaI
detectors, the total number of CEνNS events is the sum of
the numbers of neutrino scatterings on each nucleus,
computed separately from Eq. (15) with the appropriate
values of M and Mmol.
When the timing information of the experiment is

available, one can also bin the data in time intervals. In
this case, the predicted number of events in the nuclear
recoil energy bin i and time bin j is given by

Nth
ij ¼

X
ν¼νe;νμ;ν̄μ

Nth
ν;i

Z
tjþ1

tj

fνðtÞεtðtÞdt; ð16Þ

where Nth
ν;i is the predicted number of CEνNS events

induced by the component ν (ν ¼ νe; νμ; ν̄μ) of the neutrino

flux in the nuclear recoil energy bin ½Ti; Tiþ1�, fνðtÞ is the
time distribution of the neutrino flux component ν taken
from Ref. [58], and εðtÞ is the timing efficiency provided
in Ref. [3]. To compute Nth

ν;i, we use Eq. (15) without
performing the sum over the contributions of the three
components of the neutrino flux.
In our analysis, we use the data of the current CsI

detector of the COHERENT Collaboration, as well as the
expected future data from a NaI and cryogenic CsI
detectors at the SNS. The main characteristics of these
detectors are described in the following subsections, and
the relevant properties of their target nuclei are given in
Table I.

B. Current CsI detector

The COHERENT Collaboration performed CEνNS
measurements with a 14.6 kg CsI detector located at
19.3 m from the neutrino source [3]. The accumulated
data correspond to NPOT ¼ 3.198 × 1023, with a number of
neutrinos per flavor of r ¼ 0.0848 [3]. These numbers are
used to compute the neutrino fluxes though Eqs. (12)–(14).
Following the COHERENT Collaboration, we take the
smearing function RðT; T 0Þ in Eq. (15) to be the gamma
function given in Ref. [3] (we refer the reader to Ref. [10]
for details about the smearing procedure). Finally, we take
into account the timing information provided by the
COHERENT Collaboration in our analysis and use
Eq. (16) to compute the predicted number of events in
each recoil energy and time bin. In this way, we obtain an
event spectrum in energy and time that reproduces the one
presented in the Appendix of Ref. [10].

C. Future NaI detector

The complete program of the COHERENTCollaboration
includes a NaI-based detector comprising several modules,
each consisting of individual 7.7 kg NaI crystals [25].
In its final design, this detector is expected to have up to
seven modules, each containing 63 crystals, giving a total
mass Mdet ¼ 3395.7 kg, which we shall consider in this
work. The detector is expected to be located at a distance
L ¼ 22 m from the neutrino source [25]. By the time this
detector is scheduled to be fully deployed, the SNS is
expected to operate at an average power of 2 MW with a
proton energyEp ¼ 1.3 GeV, for which a value of r ¼ 0.13

TABLE I. Main properties of the target nuclei used in the
detectors considered in this work: number of protons (Z) and
neutrons (N), proton-to-neutron ratio (Z=N) and mass in atomic
units (M).

Target nucleus Z N Z=N M (a.m.u)

Cs 55 78 0.71 132.91
I 53 74 0.72 126.90
Na 11 12 0.92 22.99
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is predicted in Ref. [59]. Under these assumptions, we get a
total number of protons on target (POT) of 1.73 × 1023 per
calendar year of data taking, assuming ≃5000 hours
(208.3 days) of operation per year. In this work, we consider
3 years of data taking with the SNS operating at a beam
power of 2 MW with Ep ¼ 1.3 GeV, giving a total number
of protons on target NPOT ¼ 5.2 × 1023.
Even though the NaI molecule contains two nuclei, the

detector will be only sensitive to Na recoils. Indeed, due to
a low quenching factor QFðIÞ ≤ 8%, the nuclear recoil
energy threshold for iodine is such that only a tiny fraction
of the iodine-induced CEνNS events can be detected.3 We
can therefore safely neglect them. To compute the expected
number of (Na-induced) CEνNS events in the future NaI
detector, we assume a conservative constant acceptance of
80% and a Gaussian smearing function RðT; T 0Þ with an
energy-dependent resolution σðTÞ ¼ η

ffiffiffiffiffiffiffiffiffiffi
TTth

p
, where4

η ¼ 0.14 and Tth ¼ 13keVnr is the sodium nucleus recoil
energy threshold of the detector [42]. We thus obtain the
event spectrum shown in the left panel of Fig. 1, where the
width of the recoil energy bins corresponds to 1 keVee [42].
In order to convert an electron recoil energy of 1 keVee into
the equivalent nuclear recoil energy (i.e., the nuclear recoil

energy giving the same number of photoelectrons as an
electron recoil energy of 1 keV), we rely on the recent Na
quenching factor measurements of Ref. [43]. Namely, for
nuclear recoil energies between 13 and 82 keVnr, we fit the
QF data from Fig. 22 of Ref. [43] as a linear function of the
nuclear recoil energy. For energies above 82 keVnr and up
to TmaxðNaÞ ≈ 259 keVnr, for which no measurements are
available, we use a constant quenching factor of 0.23
(estimated from Fig. 4.12 of Ref. [42]), resulting in a
constant bin width of 4.33 keVnr. This is larger than the
width of the previous bins, thus explaining the little bump
at 82 keVnr in the histogram on the left panel of Fig. 1. On
the same plot, we show the expected steady-state back-
ground, which we assumed to be flat and equal to its
average value of 300 ckkd (counts per keVee per kg per
day) [42], except in the first two bins where the background
is larger. There, we took a conservative value of 400 ckkd.
In practice, the number of background events is reduced by
a factor of 8000 [42] taking into account the fact that the
SNS neutrino beam is pulsed. This reduction factor has
been applied in the left panel of Fig. 1.

D. Future cryogenic CsI detector

In addition to the NaI detector, the COHERENT pro-
gram includes a future cryogenic CsI (Cryo-CsI) detector,
with expected improved threshold and detection efficiency
with respect to the CsI detector used for the first CEvNS
observation. In this paper, we aim to explore the sensitivity
of this future Cryo-CsI detector to GNIs and to show how
the combination with the future NaI detector can help to
break certain degeneracies in the parameter space. For the
experimental design, we follow Ref. [44] and assume a

FIG. 1. Projected numbers of signal and background events in the SM as a function of the reconstructed nuclear recoil energy for the
future NaI (left) and Cryo-CsI (right) detectors considered in this paper, assuming 3 years of data taking. The signal spectra include the
contributions of the three components of the SNS neutrino beam (νe, νμ, and ν̄μ). The expected steady-state background is represented
by the black dashed curve, which shows the square root of the actual number of background events for NaI.

3As can be seen from Fig. 26 of Ref. [43], the quenching factor
for iodine is smaller than 8% over the recoil energy range
½0; 80� keVnr. The NaI detector has an electron-equivalent energy
threshold of 3 keVee, which, for QFðIÞ ¼ 8%, corresponds to a
nuclear recoil energy threshold of 37.5 keVnr, not far below the
maximal iodine nucleus recoil energy that a neutrino from the
SNS beam can induce [T 0

maxðIÞ ≈ 47 keVnr].4This choice reproduces the energy resolution given in [60] to
a good approximation.

EXPLORING THE SENSITIVITY TO NON-STANDARD … PHYS. REV. D 110, 095027 (2024)

095027-5



10 kg cryogenic CsI detector located at 19.3 m from the
neutrino source, like the current CsI detector. Regarding
SNS operations, we make the same assumptions as for the
NaI detector and consider a total number of protons on
target of 1.73 × 1023 per year of data taking. In Ref. [44], it
is mentioned that a detector threshold of four photoelec-
trons (PE) is expected, which we also assume here. To
convert this threshold into a nuclear recoil energy, we
consider a constant quenching factor of 15% and a light
yield of 50 PE=keVee, as indicated in the same reference.
Under these assumptions, a 4 PE threshold corresponds
to a nuclear recoil energy threshold Tth ¼ 0.533 keVnr. As
for the detector efficiency, we consider the same effi-
ciency function as the one provided by the COHERENT
Collaboration for the current CsI detector (see the
Supplemental Material of Ref. [3]), but with a shift of
8 PE starting at 4 PE in order to account for the fact that a
cryogenic detector will improve the efficiency at lower
threshold energies. Finally, we neglect smearing between
the true recoil energy and the observed number of photo-
electrons, as it is estimated to be minimal in Ref. [44], due
to the high expected light yield. With these assumptions,
we are able to reproduce the expected CEνNS event rate
shown in Fig. 3 of Ref. [44]. In the right panel of Fig. 1, we
show the expected number of signal events and steady-state
background, using the background model of Ref. [44] and
applying a reduction factor of 2000, as indicated in
Ref. [61]. Note that we adopted the same bin width of
25 PE used in Fig. 2 of Ref. [44] to display their steady-
state background model.

IV. ANALYSIS PROCEDURE

For the analysis of the current CsI detector data, we
follow the same procedure as Ref. [10] and use the
Poissonian χ2 function,

χ2ðκÞ ¼ min
ξ

(
2
X
i;j

�
Nijðκ; ξÞ − Ñij þ Ñij ln

�
Ñij

Nijðκ; ξÞ
��

þ
X2
m¼1

ξ2sig;m
σ2ξsig;m

þ
X3
k¼1

ξ2bg;k
σ2ξbg;k

)
; ð17Þ

where i, j run over the nuclear recoil energy and time bins,
respectively, Ñij is the experimental number of events in
bins ði; jÞ, Nijðκ; ξÞ the predicted number of events in the
same bins in the presence of GNIs, κ stands for the set of
GNI parameters under test, and ξ is the set of nuisance
parameters over which we minimize the expression within
braces. Nijðκ; ξÞ is computed as

Nijðκ; ξÞ ¼ ð1þ ξsig;1ÞNsig
ij ðκ; ξsig;2; ξ1; ξ2Þ

þ ð1þ ξbg;1ÞNBRN
ij ðξ1Þ þ ð1þ ξbg;2ÞNNIN

ij ðξ1Þ
þ ð1þ ξbg;3ÞNSSB

ij ; ð18Þ

where Nsig
ij is the number of signal events, and NBRN

ij , NNIN
ij ,

and NSSB
ij are the numbers of beam-related neutron (BRN),

neutrino-induced neutron (NIN) and steady-state (SSB)
background events, respectively. The signal nuisance
parameter ξsig;1 accounts for the detector efficiency, neu-
trino flux, and quenching factor (QF) normalizations, while
ξsig;2 is related to the nuclear radius. The corresponding
uncertainties are σξsig;1 ¼ 11.45% and σξsig;2 ¼ 5% [10]. As
for the nuisance parameters ξbg;k, they are associated
with the different sources of background: BRN (ξbg;1),
NIN (ξbg;2), and SSB (ξbg;3), with corresponding uncer-
tainties σξbg;1 ¼ 25%, σξbg;2 ¼ 35%, and σξbg;3 ¼ 2.1% [3].
Following Ref. [10], we include in Eq. (17) two additional
nuisance parameters ξ1 and ξ2, with no penalization term,
which account for deviations in the uncertainty on the
CEνNS detection efficiency and on beam timing, respec-
tively. By minimizing over all nuisance parameters, we
obtain allowed regions at a given confidence level for the
GNI parameters under test.
To assess the sensitivity of the future NaI and Cryo-CsI

detectors to GNI parameters, we follow Ref. [41] and
consider the χ2 function,

χ2ðκÞ ¼ min
ξ

�X
i

2

�
Niðκ; ξÞ − Ñi þ Ñi ln

�
Ñi

Niðκ; ξÞ
��

þ
�
ξsig
σsig

�
2

þ
�
ξbg
σbg

�
2
�
; ð19Þ

where we have divided the data in recoil energy bins
labeled by i. Since we are dealing with simulated data, we
compare the theoretical predictions in the absence and in
the presence of GNIs. Hence, we take

Ñi ¼ Nsig
i ðSMÞ þ Nbg

i ; ð20Þ

where Nsig
i ðSMÞ represents the number of signal events in

bin i predicted by the SM and Nbg
i is the simulated steady-

state background described in Secs. III C and III D, while

Niðκ; ξÞ ¼ Nsig
i ðκÞð1þ ξsigÞ þ Nbg

i ð1þ ξbgÞ; ð21Þ

where Nsig
i ðκÞ is the predicted number of signal events in

bin i in the presence of GNIs, and the nuisance parameters
ξsig, ξbg account for the signal and background normaliza-
tions, respectively. For the associated systematic uncertain-
ties, we conservatively assume σsig ¼ 10% and σbg ¼ 5%

for both detectors. This choice is motivated by the known
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values of the uncertainties for the current CsI detector.
Notice that, due to the absence of detailed information on
the signal and background systematic uncertainties for the
NaI and Cryo-CsI detectors, we only consider two nuisance
parameters.
Finally, when we perform a combined analysis of future

Cryo-CsI and NaI data, we assume the signal and back-
ground systematic uncertainties to be fully uncorrelated. In
practice, this means that we add the two χ2 functions for
each detector, with independent nuisance parameters
(ξCryo-CsIsig , ξCryo-CsIbg ) and (ξNaIsig , ξ

NaI
bg ), respectively. In general,

correlations between systematic errors result in stronger
constraints on new physics parameters (see, for instance,
Ref. [40]). However, the level of correlation between
uncertainties in future experiments is difficult to estimate,
so we take the conservative approach of assuming fully
uncorrelated uncertainties between the two detectors.

V. EXPECTED SENSITIVITIES
TO GNI PARAMETERS

In this section, we study the sensitivities to GNI
parameters5 of future NaI and cryogenic CsI detectors with
the characteristics described in Sec. III C, and compare
their combined expected sensitivities with the constraints
set by the current COHERENT CsI detector, which we
refer to as CsI (2021). As discussed in Sec. II B, we
consider only scalar, vector, and tensor interactions and
denote the corresponding couplings by εqSαβ, ε

qV
αβ and εqTαβ ,

respectively, with α; β ¼ e, μ, τ and q ¼ u, d.
Since the SNS neutrino beam consists only of electron

neutrinos, muon neutrinos, and muon antineutrinos, not all
of these parameters can be constrained by CEνNS mea-
surements. Vector GNIs, also known as NSIs, are subject to
the Hermiticity condition εqVβα ¼ ðεqVαβ Þ�. As a result, there
are six independent parameters for each quark flavor, but
only five of them can be constrained at the SNS: two real
flavor-diagonal couplings, εqVee and εqVμμ , and three complex
flavor off diagonal couplings, εqVeμ , ε

qV
eτ , and εqVμτ . In this

paper, we study the sensitivities of the NaI and Cryo-CsI
detectors to εqVee , ε

qV
μμ , and εqVeμ (q ¼ u, d), leaving aside the

other off diagonal couplings, which are less constrained.6

For scalar and tensor GNIs, the number of independent
parameters depends on whether neutrinos are Dirac or
Majorana fermions. In this paper, we assume that they are
Majorana fermions, both for simplicity and because this

possibility is better motivated from a theoretical point of
view. Scalar couplings are therefore symmetric, and for
each quark flavor, five out of the six independent ones can
be constrained by CEνNS measurements at the SNS.
However, due to the absence of interference between
the scalar and SM contributions to the CEνNS cross
section, the same constraints apply to εqSee and εqSeτ , as well
as to εqSμμ and εqSμτ . It is therefore sufficient to study the
sensitivities of the CsI and NaI detectors to the scalar
couplings εqSee , εqSμμ , and εqSeμ (q ¼ u, d). Finally, tensor
couplings are antisymmetric for Majorana neutrinos,
leaving only three independent parameters εqTeμ , ε

qT
eτ , and

εqTμτ for each value of q, all of which can induce scatterings
of SNS neutrinos off nuclei.
Throughout this paper, we assume all GNI couplings to

be real. The upper bounds on these parameters obtained
from the currently available CsI data and the expected
sensitivity of the future NaI and Cryo-CsI detectors are
determined following the numerical procedure described
in Sec. IV.

A. Expected sensitivities
to individual GNI parameters

We first consider the expected sensitivities of the future
NaI and Cryo-CsI detectors to individual parameters; i.e.,
we consider a single nonvanishing coupling at a time. Note
that in this case, the assumption of real couplings does not
mean any loss of generality, as the CEνNS cross section
only depends on the moduli of the GNI parameters (except
for flavor-diagonal vector couplings, which are real and can
interfere with the SM contribution).
Figure 2 shows the expected sensitivities of the future

detectors to the flavor-diagonal vector couplings εuVee (left
panel) and εuVμμ (right panel) after 3 years of data taking at
the SNS, assuming conservatively, σsig ¼ 10% and
σbg ¼ 5%. In both panels, the blue dotted curves corre-
spond to the NaI detector, and the green dash-dotted curves
to the Cryo-CsI detector. Two degenerate minima can be
observed in the Δχ2 profiles, as a result of the interference
between the SM and NSI contributions to the CEνNS cross
section. Indeed, Eq. (6) contains a term proportional to
(where we have set εdVαα ¼ 0 and neglected a term sup-
pressed by gpV ≪ 1)

jCV
αα þQW;αj2 ≃ N2

				
�
2
Z
N
þ 1

�
εuVαα −

1

2

				2; ð22Þ

implying the existence of a second Δχ2 minimum at
εuVαα ≃ 1=ð2Z=N þ 1Þ, i.e., ≃0.34 for NaI and ≃0.40 for
CsI (taking into account the fact that the NaI detector is
only sensitive to Na recoils, and that Cs and I have
approximately the same Z=N). The sharp rise of the Δχ2
functions between the two minima is due to the fact that for

5From now on, we will use the generic term “GNI parameters”
to collectively refer to vector, scalar, and tensor couplings, while
vector couplings will also be called “NSI parameters.”

6This is due to the fact that εqVeμ can induce coherent scatterings
for all three components of the SNS neutrino flux, while only νe
(respectively, νμ and νμ) can scatter off a nucleus via εqVeτ
(respectively, εqVμτ ).
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εuVαα ≃ 1=2ð2Z=N þ 1Þ, the NSI and SM contributions to
να=ν̄α scatterings completely cancel out, resulting in a
reduction of the predicted number of CEνNS events by
roughly 2=3 for α ¼ μ and 1=3 for α ¼ e, in strong tension
with data.
Figure 2 also shows the expected sensitivity to εuVee and

εuVμμ from a combined analysis of the data of the future NaI
and Cryo-CsI detectors (solid red curve), assuming 3 years
of data taking for each detector. The advantage of such a
combination is to lift the degeneracy between the two
minima of the Δχ2 function: since the location of the
second minimum is different for NaI and Cryo-CsI (as a
consequence of the different proton-to-neutron ratios of
their material targets), it is difficult to fit SM-like exper-
imental data in both detectors with a nonzero value of εuVαα .
In particular, the second Δχ2 minimum is disfavored at
more than 99% CL for εuVμμ (but only at a bit more than 1σ
for εuVee , due to the smaller number of νe-induced CEνNS
events).
Having demonstrated the interest of performing a

combined analysis of the data from the future NaI and
Cryo-CsI detectors, we study in the following the expected
sensitivities to GNI parameters of this detector combina-
tion, and we compare them with the constraints obtained
from the currently available CsI data. The results for
vector couplings are shown in Fig. 3, where the Δχ2
functions defined in Sec. IV are plotted against the
parameter assumed to be nonvanishing (from left to right:
εqVee , ε

qV
eμ , and εqVμμ , with q ¼ u in the upper panels and

q ¼ d in the lower panels). The black dashed curves show
the constraints obtained from the currently available

(2021) COHERENT CsI data7 and are consistent with
the results obtained in Ref. [10]. The solid red curves
represent the expected sensitivities of the combination of
the future NaI and Cryo-CsI detectors after 3 years of data
taking, assuming again σsig ¼ 10% and σbg ¼ 5%. Table II
summarizes the 90% CL and 2σ expected sensitivities to
vector couplings of the NaIþ Cryo-CsI detector combi-
nation, as well as the constraints on the same parameters
from the COHERENT CsI 2021 data.
As can be seen from Fig. 3 and Table II, a clear

improvement of the constraints on flavor-diagonal vector
couplings is expected from the combination of the future
NaI and Cryo-CsI detectors, already with 3 years of data
taking. This is partly due to the larger statistics of these
detectors. However, the most noticeable feature, namely the
fact that the second minimum of the Δχ2 function tends to
be disfavored (most notably for the parameter εuVμμ , and to a
lesser extent for εuVee and εdVμμ ), cannot be explained by
statistics alone, but it is a consequence of the different
proton-to-neutron ratios of the Na and CsI targets, as
explained before. A similar result can be obtained by
suitably choosing combinations of the detectors proposed
for CEνNS measurements at the European Spallation
Source [26], such as CsIþ Si and Xeþ Si, as shown
in Ref. [41].

FIG. 2. Expected one-dimensional Δχ2 profiles for the vector couplings εuVee (left panel) and εuVμμ (right panel). The blue dotted curves
(respectively, the green dash-dotted curves) represent the expected sensitivities of the NaI detector described in Sec. III C (respectively,
the Cryo-CsI detector described in Sec. III D), assuming 3 years of data taking at the SNS. The solid red curves correspond to the
combined NaIþ Cryo-CsI analysis.

7Note that for the CsI detector, the first minimum of the Δχ2
function for flavor-diagonal NSI parameters is not located at
εqVαα ¼ 0 (α ¼ e, μ; q ¼ u, d). This is due to the fact that we are
analysing real data, which does not exactly match the SM
prediction.
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For flavor off diagonal vector couplings (middle panels
of Fig. 3), only a small improvement on the current
constraints (mainly visible at ≳3σ confidence level) is
expected from the combination of the future NaI and Cryo-
CsI detectors, in spite of a larger statistics. The main reason
for this is that the COHERENT CsI detector measured less

events than predicted by the SM, while off diagonal vector
couplings can only increase the CEνNS cross section, due
to the absence of an interference term with the SM
contribution. As a result, the CsI (2021) constraints on
these parameters are better than expected. By contrast,
flavor-diagonal vector couplings interfere with the SM

TABLE II. Sensitivities to the vector couplings εqVee , ε
qV
eμ , and εqVμμ (q ¼ u, d) at the 90% and 2σ confidence levels with 1 degree of

freedom (i.e., Δχ2 ≤ 2.71 and Δχ2 ≤ 4, respectively). For the CsI detector, the intervals actually correspond to the ranges of parameter
values allowed by the currently available data, while for the combination of the future NaI and Cryo-CsI detectors, they represent the
expected sensitivities assuming 3 years of data taking at the SNS for each detector. The flavor off diagonal NSI parameter εqVeμ is assumed
to be real.

εqVee εqVeμ εqVμμ

Detector q 90% CL 2σ CL 90% CL 2σ CL 90% CL 2σ CL

CsI (2021) u ½−0.04; 0.134�
∪ ½0.266; 0.440�

½−0.056; 0.186�
∪ ½0.212; 0.456�

½−0.081; 0.081� ½−0.097; 0.097� ½−0.015; 0.053�
∪ ½0.346; 0.414�

½−0.024; 0.060�
∪ ½0.34; 0.424�

d ½−0.035; 0.120�
∪ ½0.237; 0.393�

½−0.05; 0.168�
∪ ½0.190; 0.408�

½−0.073; 0.073� ½−0.087; 0.087� ½−0.016; 0.075�
∪ ½0.282; 0.340�

½−0.010; 0.081�
∪ ½0.276; 0.347�

NaIþ Cryo-CsI u ½−0.041; 0.042�
∪ ½0.347; 0.4�

½−0.05; 0.051�
∪ ½0.335; 0.412�

½−0.073; 0.073� ½−0.082; 0.082� ½−0.019; 0.018� ½−0.024; 0.021�

d ½−0.037; 0.038�
∪ ½0.311; 0.385�

½−0.046; 0.047�
∪ ½0.302; 0.389�

½−0.067; 0.067� ½−0.075; 0.075� ½−0.018; 0.016�
∪ ½0.338; 0.358�

½−0.022; 0.020�
∪ ½0.333; 0.363�

FIG. 3. One-dimensional Δχ2 profiles for the vector coupling εqVee (left panels), εqVeμ (middle panels), and εqVμμ (right panels), with q ¼ u
in the upper panels and q ¼ d in the lower panels. The black dashed curves are obtained using the currently available data of the
COHERENT CsI detector. The solid red curves represent the expected sensitivities of the combination of the future NaI and Cryo-CsI
detectors, assuming 3 years of data taking at the SNS for each detector. The flavor off diagonal NSI parameter εqVeμ is assumed to be real.
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contribution and can therefore fit a deficit of observed
CEνNS events. This is the reason why, in Fig. 3, the first
minimum of the black dashed curves for flavor-diagonal
vector couplings is shifted from zero.
Let us now move on to the results for scalar GNIs. As

explained before, CEνNS measurements at the SNS only
give six independent constraints on scalar couplings, since
εqSeτ and εqSμτ contribute the same way to the CEνNS cross
section as εqSee and εqSμμ , respectively.

8 We therefore only
present results for the six scalar couplings εqSee , ε

qS
μμ , and εqSeμ

(q ¼ u, d). The Δχ2 profiles are displayed in Fig. 4, with
the same color code as before, and the 90% CL and 2σ
expected sensitivities of the NaIþ Cryo-CsI detector
combination, together with the constraints from the
COHERENT CsI 2021 data, are given in Table III. As
can be seen by comparing Figs. 3 and 4, the results for
scalar couplings are similar to the ones for off diagonal
vector couplings, which is not a surprise since both types of
interactions share the property of not interfering with the
SM contribution in the CEνNS cross section. In particular,
we only expect a small improvement of the constraints on

scalar couplings from the NaIþ Cryo-CsI detector combi-
nation, mainly visible at the ≳3σ confidence level.
Finally, the results for tensor GNIs are shown in Fig. 5

and Table IV. Recall that there are only six independent
tensor couplings if, as assumed in this paper, neutrinos are
Majorana fermions, namely, εqTeμ , ε

qT
eτ , and εqTμτ (q ¼ u, d).

Comparing the expected sensitivities of the NaIþ Cryo-
CsI detector combination with the constraints from the
COHERENT CsI 2021 data (see Table IV), we only expect
a small improvement of the constraints on tensor couplings
involving an up quark.

B. Expected sensitivities
to pairs of GNI parameters

In this section, we study the expected sensitivity of the
future NaI and Cryo-CsI detectors to pairs of GNI param-
eters; i.e., we consider two nonvanishing couplings at a
time. As is well known, this situation leads to degeneracies
in the form of extended allowed regions in the two-
dimensional GNI parameter space. Combining data on
target nuclei characterized by different proton to neutron
ratios can help to reduce these degeneracies, as shown, e.g.,
in Refs. [8,26,41]. In the case of the future NaI and
cryogenic CsI detectors studied in this paper, the target
materials significantly differ by their proton to neutron
ratios: 0.92 for sodium (the NaI detector is not sensitive to

FIG. 4. Same as Fig. 3, but for the scalar couplings εqSee (left panels), ε
qS
eμ (middle panels), and εqSμμ (right panels), with q ¼ u in the upper

panels and q ¼ d in the lower panels. All couplings are assumed to be real.

8This statement holds for symmetric scalar couplings, hence,
for Majorana neutrinos (as assumed in this paper), but not for
Dirac neutrinos.
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iodine recoils) versus 0.71 and 0.72 for cesium and iodine,
both of which contribute to the CEνNS rate in the Cryo-CsI
detector.
We begin our analysis by studying the case where the

two nonvanishing GNI parameters are of vector type (i.e.,
NSIs). Many different pairs of NSI parameters can be
considered; we only present results for a few representative
examples, as the other possible choices are characterized by
similar allowed regions. As we did in the previous sub-
section, we start our discussion by presenting in Fig. 6 the
expected individual sensitivities of the future NaI and Cryo-
CsI detectors to two different pairs of (flavor-diagonal) NSI
parameters: ðεuVee ; εuVμμ Þ in the left panel, and ðεuVμμ ; εdVμμ Þ in the
right panel. The expected 90% CL allowed regions are
enclosed by blue dotted lines for NaI and by green dash-
dotted contours for Cryo-CsI, assuming as in the previous
Sec. III years of data taking and σsig ¼ 10%, σbg ¼ 5%.
The ellipticlike shape of the allowed regions for the NSI

parameters ðεuVee ; εuVμμ Þ (left panel of Fig. 6) can be under-
stood from the expression for the predicted CEνNS rate in
each reconstructed nuclear recoil energy bin [41]. For a
single-nucleus detector,9 the predicted number of events in
the recoil energy bin ½Ti; Tiþ1� can be written as

Nth
i ¼ Ce

i ð2Z þ NÞ2
�
εuVee þ ZgpV þ NgnV

2Z þ N

�
2

þ Cμ
i ð2Z þ NÞ2

�
εuVμμ þ ZgpV þ NgnV

2Z þ N

�
2

; ð23Þ

where Ce
i (respectively, Cμ

i ) is the number obtained by
performing the integral over Eνe (respectively, Eνμ and Eν̄μ)
and the true and reconstructed nuclear recoil energies in
Eq. (15), after having factorized out jCV

αα þQW;αj2.
Equation (23) is the equation of an ellipse with semi-
major and semiminor axes [given, respectively, byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nth

i =C
e
i ð2Z þ NÞ2

p
and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nth

i =C
μ
i ð2Z þ NÞ2

p
] that

depend on both the nucleus and the energy bin (the center
of the ellipse also depends on the nucleus). All sets of

(εuVee , εuVμμ ) values lying on this ellipse predict the same
number of CEνNS events in the ith energy bin, but not
necessarily in the other bins, resulting in an approximate
degeneracy between these two parameters. This explains
why the expected 90% CL region allowed by the Cryo-CsI
detector has the form of an approximate, partly broken
ellipse (for the NaI detector, the allowed region turns out to
be an almost perfect ellipse). Note that the NaI and Cryo-
CsI allowed areas do not fully overlap, as both the center
and the semi-axes of the ellipses depend on the nucleus. If
we now consider the 90% CL region allowed by the
combination of the future NaI and Cryo-CsI detectors,
shown in red in the left panel of Fig. 6, we can see that the
degeneracy between the vector couplings εuVee and εuVμμ is
partially broken. Namely, the allowed region reduces to a
crescent, approximately corresponding to the intersection
of the NaI and Cryo-CsI ellipses. This result illustrates the
benefit of combining data from detectors with different
proton-to-neutron ratios in order to reduce degeneracies
between flavor-diagonal NSI parameters.
Let us now consider the right panel of Fig. 6, which

displays the 90% CL allowed regions for the flavor-
diagonal NSI parameters ðεuVμμ ; εdVμμ Þ. In this case, the
individual NaI and Cryo-CsI allowed regions consist of
two parallel bands [9]. This is a consequence of the fact
that, for a single-nucleus target (or a target composed of
two nuclei with approximately the same proton to neutron
ratio, like CsI), the CEνNS cross section depends on the
flavor-diagonal NSI parameters εuVαα and εdVαα only through
the modulus of the combination,

CV
ααþQW;α≃ðZþ2NÞðεdVαα −mεuVαα Þ−

1

2
; m¼−

2ZþN
Zþ2N

;

ð24Þ

in which we neglected a term suppressed by gpV ≪ 1. Thus,
values of εuVαα and εdVαα lying on a straight line with slope
m [8] produce the same number of CEνNS events in each
recoil energy bin. This is an example of the degeneracies
mentioned above. It follows that the parameter space region
allowed by SM-like experimental data at a given confi-
dence interval (here, 90% CL) consists of two parallel
bands around the straight lines εdVαα −mεuVαα ¼ 0 and

TABLE III. Same as Table II, but for the scalar couplings εqSee , ε
qS
eμ , and εqSμμ (q ¼ u, d).

εqSee εqSeμ εqSμμ

Detector q 90% CL 2σCL 90% CL 2σCL 90% CL 2σCL

CsI (2021) u ½−0.032; 0.032� ½−0.038; 0.038� ½−0.018; 0.018� ½−0.022; 0.022� ½−0.022; 0.022� ½−0.026; 0.026�
d ½−0.031; 0.031� ½−0.037; 0.037� ½−0.018; 0.018� ½−0.022; 0.022� ½−0.022; 0.022� ½−0.025; 0.025�

NaIþ Cryo-CsI u ½−0.034; 0.034� ½−0.038; 0.038� ½−0.018; 0.018� ½−0.02; 0.02� ½−0.021; 0.021� ½−0.023; 0.023�
d ½−0.033; 0.033� ½−0.037; 0.037� ½−0.017; 0.017� ½−0.019; 0.019� ½−0.021; 0.021� ½−0.023; 0.023�

9The NaI detector is only sensitive to Na recoils, so can be
considered single-nucleus. As for the Cryo-CsI detector, its two
target nuclei have approximately the same numbers of protons
and neutrons.
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εdVαα −mεuVαα ¼ 1=ðZ þ 2NÞ. This is indeed what we can
observe in the right panel of Fig. 6 for the individual NaI
and Cryo-CsI allowed regions. Note that the slopes of the
bands differ due to the different proton-to-neutron ratios of
the two detectors. Thus, combining the results of the two
detectors leads to a partial breaking of the degeneracies
between the flavor-diagonal NSI parameters εuVμμ and εdVμμ , as
can be seen in the right panel of Fig. 6, where the two
infinite bands reduce to the red closed areas.
Now that we have shown the impact of a combined

NaIþ Cryo-CsI analysis on degeneracies between flavor-
diagonal NSI parameters, we are ready to compare the
expected sensitivities of this combined analysis with the
constraints obtained from the COHERENT CsI 2021 data.

Figure 7 displays the allowed regions at the 90% confidence
level for four different pairs of vector couplings. The upper
panels correspond to combinations of flavor-diagonal
couplings involving the same lepton flavor but different
quarks, namely ðεuVee ; εdVee Þ in the left panel and ðεuVμμ ; εdVμμ Þ in
the right panel. By contrast, the lower panels correspond to
pairs of vector couplings involving the same quark but
different lepton flavors. The combination in the left panel,
ðεuVee ; εuVμμ Þ, involves two flavor-diagonal couplings, while
the one in the right panel, ðεuVeμ ; εuVμμ Þ, involves a flavor-
diagonal and an off diagonal coupling. In all cases, the
regions enclosed by black dashed lines are the ones allowed
at the 90% confidence level by the current CsI data (these
allowed regions were first presented in Ref. [10], and are

TABLE IV. Same as Table II, but for the tensor couplings εqTeμ , ε
qT
eτ , and εqTμτ (q ¼ u, d).

εqTeμ εqTeτ εqTμτ

Detector q 90% CL 2σCL 90% CL 2σCL 90% CL 2σCL

CsI (2021) u ½−0.265; 0.265� ½−0.314; 0.314� ½−0.467; 0.467� ½−0.55; 0.55� ½−0.314; 0.314� ½−0.369; 0.369�
d ½−0.15; 0.15� ½−0.177; 0.177� ½−0.264; 0.264� ½−0.310; 0.310� ½−0.177; 0.177� ½−0.208; 0.208�

NaIþ Cryo-CsI u ½−0.253; 0.253� ½−0.282; 0.282� ½−0.453; 0.453� ½−0.505; 0.505� ½−0.303; 0.303� ½−0.337; 0.337�
d ½−0.167; 0.167� ½−0.187; 0.187� ½−0.299; 0.299� ½−0.334; 0.334� ½−0.200; 0.200� ½−0.223; 0.223�

FIG. 5. Same as Fig. 3, but for the tensor couplings εqTeμ (left panels), εqTeτ (middle panels), and εqTμτ (right panels), with q ¼ u in the
upper panels and q ¼ d in the lower panels. All couplings are assumed to be real.
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shown here for reference), while the red areas correspond
to the expected sensitivity of the NaIþ Cryo-CsI combi-
nation, assuming 3 years of data taking at the SNS for
each detector. For all pairs of NSI parameters considered
here, the expected future sensitivities represent a clear
improvement on the current CsI constraints. This is due to
two main factors: the increase in statistics, and the
different proton-to-neutron ratios of the NaI and CsI
targets, whose impact on parameter degeneracies has been
discussed above.
In the upper panels, in addition to the degeneracy

breaking, the effect of the larger statistics is clearly
visible, especially in the ðεuVee ; εdVee Þ parameter space.
While the two bands associated with the current CsI
detector overlap, due to the limited statistics in the νe
channel (there are twice as many νμ’s and ν̄μ’s as νe’s in
the SNS neutrino beam), the expected allowed region for
the NaIþ Cryo-CsI combination consists of two discon-
nected areas. For the pairs of NSI parameters ðεuVee ; εuVμμ Þ
(lower left panel), the region allowed by the current CsI
detector is a broken ellipse, with no points around
εuVμμ ≃ 1=2ð2Z=N þ 1Þ ≈ 0.2, where the NSI and SM
contributions to νμ- and ν̄μ-induced CEνNS completely
cancel out. This leaves two degenerate allowed regions
around εuVμμ ¼ 0 and εuVμμ ≃ 1=ð2Z=N þ 1Þ ≈ 0.4, while
only the red area is expected to survive the degeneracy
breaking enforced by the NaIþ Cryo-CsI combination
[see the discussion around Eq. (23)].
Finally, we also observe an ellipse-shaped degeneracy

between the vector couplings εuVeμ and εuVμμ in the lower

right panel of Fig. 7, which is not broken by the current
CsI data. This can be understood by noting that εuVeμ
induces both νe and νμ=ν̄μ coherent scatterings on the
target nuclei, without interfering with the SM contribution.
Nonvanishing values of εuVeμ can therefore compensate for
the destructive interference between the SM and εuVμμ
contributions to the CEνNS cross section, which would
otherwise reduce the number of νμ=ν̄μ-induced signal
events. As a result, the ellipse is not broken around
εuVμμ ≈ 0.2 in the case of the current CsI detector. This
degeneracy is, however, expected to be broken by the
NaIþ Cryo-CsI combination, for the same reason as for
the ðεuVee ; εuVμμ Þ pair: due to the different proton-to-neutron
ratios of the NaI and CsI targets, the corresponding
ellipses do not fully overlap, leaving only the allowed
red region in the lower right panel of Fig. 7.
Let us now consider scalar and tensor GNIs. Figure 8

shows the 90% CL allowed regions for two different pairs
of scalar couplings with the same lepton flavor indices:
ðεuSeμ ; εdSeμÞ in the left panel, and ðεuSμμ; εdSμμÞ in the right
panel. As in Fig. 7, the regions allowed by the current CsI
data are within black dashed lines, while the red areas
correspond to the expected sensitivity of the NaIþ Cryo-
CsI combination, assuming 3 years of data taking at the
SNS for each detector. Since the scalar couplings εuSαβ and

εdSαβ contribute to the CEνNS cross section through the

linear combination CS
αβ, given in Eq. (7), the allowed

regions are straight bands around a line passing through
the origin (as a consequence of the fact that scalar

FIG. 6. Expected 90% CL allowed regions (with 2 degrees of freedom, i.e. Δχ2 ≤ 4.61) for the pairs of NSI parameters ðεuVee ; εuVμμ Þ (left
panel) and ðεuVμμ ; εdVμμ Þ (right panel). The blue dotted contours (respectively, the green dash-dotted contours) correspond to the expected
constraints from the NaI detector described in Sec. III C (respectively, the Cryo-CsI detector described in Sec. III D), assuming 3 years of
data taking at the SNS. The red regions represent the expected combined sensitivities of the two detectors.
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couplings do not interfere with the SM contribution).
While the slope of this line depends on the proton to
neutron ratio of the target nucleus, it is in practice very
close to −1 for Cs, I and Na. A consequence of this
is that even though sodium has a different proton to neu-
tron ratio than cesium and iodine, the NaIþ Cryo-CsI
combination is unable to reduce the degeneracy between
εuSαβ and εdSαβ .
Finally, Fig. 9 displays the 90% CL allowed regions

for the pairs of tensor couplings ðεuTeμ ; εdTeμ Þ (left panel)

and ðεuTμτ ; εdTμτ Þ (right panel). Qualitatively, similar featu-
res to the scalar case can be observed, except that CEνNS
is much less sensitive to tensor couplings, and that the
line slope has a different dependence on the proton to
neutron ratio of the target nucleus. This explains the
shape of the expected allowed NaIþ Cryo-CsI region,
but the poor sensitivity of CEνNS to tensor GNI
parameters makes it difficult to reduce the degeneracy
between εuTαβ and εdTαβ more significantly than can be seen
in Fig. 9.

FIG. 7. 90% CL allowed regions (with 2 degrees of freedom, i.e., Δχ2 ≤ 4.61) for different pairs of NSI parameters: ðεuVee ; εdVee Þ (upper
left panel), ðεuVμμ ; εdVμμ Þ (upper right panel), ðεuVee ; εuVμμ Þ (lower left panel), and ðεuVeμ ; εuVμμ Þ (lower right panel). The regions enclosed by black
dashed lines correspond to the constraints from the currently available CsI data, while the red areas represent the expected sensitivities of
the combined NaIþ Cryo-CsI analysis with the detector characteristics described in Sec. III, assuming 3 years of data taking at the SNS
for each detector. The flavor off diagonal parameter εqVeμ is assumed to be real.
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VI. CONCLUSIONS

In this work, we studied the potential of two future
detectors to constrain non-standard and generalized neu-
trino interactions via CEνNS measurements at the
Spallation Neutron Source. We considered a NaI detector
with characteristics similar to the one that is currently being
deployed by the COHERENT Collaboration, and a recently
proposed cryogenic CsI detector. These detectors have the
interesting property that their target materials are composed
of nuclei with significantly different proton to neutron

ratios, a feature that is known to be useful for breaking
degeneracies among NSI parameters. In addition, they will
benefit from a larger statistics than the current CsI detector.
We showed that these properties of the future NaI and
Cryo-CsI detectors make a combined analysis of their data
particularly efficient at breaking degeneracies involving
flavor-diagonal NSI parameters, thus strongly improving
the current COHERENT constraints on non-standard neu-
trino interactions. By contrast, no significant improvement
is expected for neutrino interactions whose contribution to
the CEνNS cross section does not interfere with the SM one

FIG. 9. Same as Fig. 8, but for the pairs of tensor GNI parameters ðεuTeμ ; εdTeμ Þ (left panel) and ðεuTμτ ; εdTμτ Þ (right panel). All GNI
parameters are assumed to be real.

FIG. 8. 90% CL allowed regions for the pairs of scalar GNI parameters ðεuSeμ ; εdSeμÞ (left panel) and ðεuSμμ ; εdSμμÞ (right panel). The regions
enclosed by black dashed lines correspond to the constraints from the currently available CsI data, while the red areas represent the
expected sensitivities of the combined NaIþ Cryo-CsI analysis with the detector characteristics described in Sec. III, assuming 3 years
of data taking at the SNS for each detector. All GNI parameters are assumed to be real.
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(flavor off diagonal NSIs, scalar and tensor generalized
neutrino interactions), unless an important statistical
increase is achieved.
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