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Introduction

Why be interested in non-standard neutrino interactions (NSIs)?

Experimental opportunity: next generation of oscillation experiments (JUNO, 
DUNE, Hyper-Kamiokande), whose goal is to determine the mass ordering and 
establish CP violation in the lepton sector, will be sensitive to new physics 
(subleading effects in neutrino oscillations: NSIs, light sterile neutrinos…)

Also non-oscillation experiments like neutrinoless double beta decay, colliders 
(heavy neutral lepton searches), coherent elastic neutrino-nucleus scattering 
[CEvNS] (NSIs, neutrino magnetic moments, sterile neutrinos…)

CEvNS measured for the first time in 2017 by the COHERENT experiment
⇒ bounds on NSIs
     
This talk: sensitivity to NSIs of precision CEvNS measurements at the European 
Spallation Source (ESS)



Non-standard neutrino interactions (NSIs)

Non-standard couplings to charged leptons and quarks described by the 
following [non-SU(2) invariant] 4-fermion operators:

Charged-current NSIs (CC-NSIs)

Neutral-current NSIs (NC-NSIs)

NSIs can be flavour conserving (                         ) or flavour violating (           )

CC-NSIs are constrained by a variety of EW processes (muon decay, beta 
decay, meson and tau decays…)

also affect neutrino production and detection (can induce the flavour-violating 
processes                  and                        )
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NC-NSIs are constrained by scattering of electrons and nucleons

Also induce new flavour-conserving/violating contributions to coherent 
forward scattering of neutrinos on e, p, n ⇒ constrained by oscillation data

Since CEvNS is a neutral current process, it is also affected by (NC-)NSIs
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Table 2. 2� allowed ranges for the NSI couplings "
u
↵� , "d↵� and "

p
↵� as obtained from the global

analysis of oscillation data (left column) and also including COHERENT constraints. The results
are obtained after marginalizing over oscillation and the other matter potential parameters either
within the LMA only and within both LMA and LMA-D subspaces respectively (this second case
is denoted as LMA � LMA-D). Notice that once COHERENT data are included the two columns
become identical in all cases since for NSI couplings to f = u, d, p the LMA-D solution is only
allowed above 95% CL.

[17] S. Antusch, J.P. Baumann and E. Fernandez-Martinez, Non-Standard Neutrino Interactions
with Matter from Physics Beyond the Standard Model, Nucl. Phys. B810 (2009) 369
[0807.1003].

[18] Y. Farzan, A model for large non-standard interactions of neutrinos leading to the
LMA-Dark solution, Phys. Lett. B748 (2015) 311 [1505.06906].

[19] Y. Farzan and I.M. Shoemaker, Lepton Flavor Violating Non-Standard Interactions via Light
Mediators, JHEP 07 (2016) 033 [1512.09147].

[20] K.S. Babu, A. Friedland, P.A.N. Machado and I. Mocioiu, Flavor Gauge Models Below the
Fermi Scale, 1705.01822.

[21] Y. Farzan and M. Tortola, Neutrino oscillations and Non-Standard Interactions, Front.in
Phys. 6 (2018) 10 [1710.09360].

[22] P.B. Denton, Y. Farzan and I.M. Shoemaker, A Plan to Rule out Large Non-Standard
Neutrino Interactions After COHERENT Data, 1804.03660.

[23] CHARM collaboration, Experimental Verification of the Universality of ⌫e and ⌫µ Coupling

– 33 –

Concha Gonzalez-Garcia

NSI: Bounds/Degeneracies from/in Oscillation data
Esteban etal JHEP’18[1805.04530] Coloma, Esteban, MCGG, Maltoni, JHEP’19[1911.09109] (updated 2020)

• Standard Solution ≡ LMA ⇒ Bounds O(1%− 10%)

⇒ Maximum effect at LBL experiments:
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⇒ To be considered in effects/sensitivity studies
at DUNE, HK. . . (tables available)

• Degenerate solution ≡LMA-D
Miranda,Tortola, Valle, hep-ph/0406280

⇒ θ12 ↔ π
2 − θ12 & (εee − εµµ) → −(εee − εµµ)− 2

from a global fit to oscillation data,
assuming
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[Esteban et al., 1805.04530]

in the presence of NSIs, a « LMA-Dark »
region is allowed in the solar neutrino sector
(with              and opposite mass ordering),
in addition to the standard LMA region
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[combination of oscillation data and CeVNS constraints on NSIs: Esteban et al. (1805.04530),
Coloma et al. (1911.09109), Chaves and Schwetz (2105.11981)]



Warning note on NC-NSIs: if generated above the weak scale, SU(2) gauge 
invariance suggests the existence of similar operators involving charged leptons

⇒ strong bounds from charged lepton flavour violating (cLFV) processes like  
                                                                       (induced at tree level)

Even if NC-NSIs arise from D=6 and D=8 SMEFT operators that do not induce 
cLFV at tree level, there are loop contributions and       is too small to be 
observed, while 
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Coherent elastic neutrino-nucleus scattering (CEvNS)

CEvNS = neutral current process in which the
incoming neutrino scatters on the nucleus as a whole
⇒ large cross section

Coherence condition:                                = transferred momentum

R = nucleus size (typically,                                 ) 

Not observed until 2017 because very low nucleus recoil energy

SM cross section (for an incoming (anti-)neutrino of energy     )

           = nuclear form factor (accounts for loss of coherence for q > 1/R)

                                             weak nuclear charge

                                             vector neutral current coupling

Z = number of protons, N = number of neutrons

[Freedman ’74]
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CEvNS first observed by the COHERENT experiment (2017) at the Spallation 
Neutron Source (SNS) at Oak Ridge National Laboratory

In addition to neutron beams, spallation sources produce a pulsed neutrino flux 
from charged pion decay at rest

CEvNS on CsI detected with          significance

[COHERENT collaboration,
arXiv:2110.07730]

2

coming European Spallation Source (ESS) sited in Lund,
Sweden. The ESS will combine the world’s most power-
ful superconducting proton linac with an advanced hy-
drogen moderator, generating the most intense neutron
beams for multi-disciplinary science (Fig. 1). It will also
provide an order of magnitude increase in neutrino flux
with respect to the SNS. This will facilitate CE⌫NS mea-
surements not limited in their sensitivity to new physics
(NP) by poor signal statistics, while still employing non-
intrusive, compact (few kg) neutrino detectors, able to
operate without interference with ESS neutron activities.

FIG. 1: (Source: ESS) Neutron production from existing and
planned spallation sources. The nominal SNS power is 1 MW
at proton energy 1 GeV, with a plan to reach 2 MW by 2026.
The ESS power will be 5 MW at 2 GeV circa 2023, with
the ability to further upgrade. Di↵erences in the duration of
the protons-on-target (POT) pulse are visible in the figure.
The ESS will generate an increase in neutron brightness by a
factor 30-100 with respect to previous spallation sources, and
an order of magnitude larger neutrino yield than the SNS.

This manuscript is organized as follows. Section II de-
scribes the characteristics of the ESS as a neutrino source
for CE⌫NS, establishing a positive comparison with the
SNS in all aspects involved, while also delineating the
ESS site characterization activities that will be neces-
sary to confirm this strong potential. Section III briefly
describes a number of state-of-the-art nuclear recoil de-
tector technologies maximally able to exploit the oppor-
tunity that the ESS represents. Section IV discusses the
physics reach provided by the combination of this source
and these detectors, on a number of phenomenological
fronts probing for deviations from the Standard Model
(SM). Our conclusions are presented in Section V. Chief
among those is the unique opportunity provided by the
ESS to perform precision studies of CE⌫NS, for which
the statistics of the neutrino signal will contribute a sub-
dominant uncertainty.

0 10 20 30 40 50
E� (MeV)

d� dE
⌫

(a
.u

.)

�e

�̄µ

�µ

FIG. 2: Neutrino flux spectra expected from pion DAR, in
arbitrary units (a.u.), as a function of the neutrino energy in
MeV. The three components of the flux are shown separately
as indicated by the legend. The distributions have been nor-
malized to one.

II. THE ESS AS A NEUTRINO SOURCE:
COMPARISON TO THE SNS

At spallation sources, both ⇡+ and ⇡� are produced in
proton-nucleus collisions in the target. While the result-
ing ⇡� are e�ciently absorbed by nuclei before they can
decay, the produced ⇡+ lose energy as they propagate in
the target and will eventually decay at rest (DAR) into
⇡+

! µ+⌫µ, followed in close spatial vicinity (within
⇠0.2 g/cm2) by µ+

! e+⌫e⌫̄µ. Three neutrino flavors
with essentially identical CE⌫NS cross section [35], are
therefore engendered for each ⇡+ created. Being the re-
sult of a two-body decay, the ⌫µ flux is monochromatic:
E⌫µ = (m2

⇡�m2

µ)/(2m⇡) ' 29.7 MeV, where m⇡ and mµ

refer to the pion and muon masses, respectively. Con-
versely, the ⌫e and ⌫̄µ fluxes follow a continuous distribu-
tion at energies E⌫e,⌫̄µ < mµ/2 ' 52.8 MeV. Normalized
to one, they read:
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Since the lifetime of the muon is much longer than that
of the pion, the monochromatic component is usually re-
ferred to as the prompt contribution to the flux, as op-
posed to the delayed contributions from µ+ decay. For
reference, the flux spectra is shown in Fig. 2, for the three
components separately.

Besides the obvious gain in statistics with respect to
other neutrino sources, the use of neutrinos from pion de-
cay at rest presents a clear advantage: the energy depen-
dence of the flux is well-known in this case, and there is
only room for systematic uncertainties a↵ecting its nor-
malization. This contrasts with the large uncertainties
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Figure 1. The data residual over SSBkg background compared to best fit CEvNS, BRN, and NIN predictions projected
onto the PE (left) and trec (right) axes. The CEvNS distribution has been decomposed into each flavor of neutrino
flux at the SNS.

the total flux of neutrons from each source incident
on the EJ-301 detector. This flux was then prop-
agated through the full shielding into the CsI[Na]
detector to simulate the neutron background. We
assume a power-law BRN flux, � / E�↵. Changes
in the value of ↵ have a negligible e↵ect on the shape
of our background distributions. The NIN spectrum
was estimated using MARLEY [38, 39] tuned to pro-
duction on 208Pb with an incident ⇡DAR spectrum.
After selection, we estimated 18 ± 25% BRN and
6± 35% NIN events in our sample with uncertainty
dominated by the statistical precision of the EJ-301
fit [6]. Together BRN and NIN backgrounds are
small, about 7% of the predicted CEvNS rate.

We performed a binned likelihood fit to data in
both PE and trec. All data events with PE < 60 and
trec < 6 µs were included in the fit. Systematic un-
certainties were included as nuisance parameters in-
cluding shape e↵ects. Uncertainty parameters were
profiled in the fit. We accounted for normalization
uncertainty on each component. The CEvNS un-
certainty is 10%, dominated by the understanding
of the total neutrino flux [32]. We also included a
2.1% uncertainty on the SSBkg normalization due
to a finite sample used to estimate the background.

We also fit five systematic parameters that a↵ect
the shape of our predicted spectra. The timing onset
of the neutrino flux through our detector was allowed
to float without any prior constraint. Uncertainty in
quenching was calculated by a principle component
analysis (PCA) of the covariance matrix from fit to
available data. We identified two impactful uncer-
tainties from the PCA giving a combined 3.8% bias
in our fit. A PCA was also performed on our CEvNS
e�ciency curve from 133Ba calibration data. This re-
sulted in one systematic parameter which is roughly
equivalent to a 1.0 PE uncertainty in threshold and
gives a 4.1% uncertainty. Finally, our form-factor

uncertainty adjusts the neutron radius in CsI, Rn,
by ±5%, which shifts the theoretical CEvNS cross
section by 3.4% and gives a 0.6% uncertainty on our
measured cross section. NSI scenarios would a↵ect
form-factor suppression [40], but this e↵ect has a
negligble impact on constraints and is dropped.

Results: After fitting, we observed 306 ± 20
CEvNS events, consistent with the SM prediction
of 341 ± 11(theory) ± 42(experiment). The best-fit
residual CEvNS spectra in PE and trec are shown in
Fig. 1. The best-fit prediction models the observed
data well with a �2/dof = 82.6/98. No excess is
observed in beam-o↵ data. The cross section aver-
aged over the ⌫µ/⌫e/⌫̄µ flux, h�i�, was determined to
be (165+30

�25)⇥ 10�40 cm2 by a profiled log-likelihood
fit. This is consistent with the SM prediction of
(189± 6)⇥ 10�40 cm2. The observed data reject the
no-CEvNS hypothesis at 11.6 �. See supplemental
material at [URL] to see observed data listed along
with assumptions required to reproduce this result.

Since the SM cross section depends on the weak
charge, the CEvNS cross section can be interpreted
as a constraint on the weak mixing angle at a low
momentum exchange, Q2 ⇡ (50 MeV)2 consistent
with previous results [41]. Our current result im-
plies sin2 ✓W = 0.220+0.028

�0.026 compared to the SM pre-
diction 0.23857(5) [42]. Current constraints at low-
Q2 from atomic parity violation measurements are
much more precise, though a percent-level measure-
ment from COHERENT will be possible within the
future [43]. Additionally, as 133Cs is a commonly
used atom for these studies [44, 45], CEvNS data
can be used to constrain theoretical uncertainties on
nuclear structure assumed in these results [3].

The “flavored” CEvNS cross sections, h�iµ and
h�ie are also measured by exploiting the di↵erences
in timing shapes between the CEvNS contributions
from ⌫µ, ⌫̄µ and ⌫e. This parameter space is a sen-
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In the presence of NSIs, the CEvNS cross section is modified and becomes 
flavour dependent

Using COHERENT data on CsI and Ar, can constrain the       parameters 
(q=u,d), except for       (no tau neutrino in the flux)
[Coloma et al., Liao and Marfatia, esteban et al., Shoemaker, Giunti, Denton and Gehrlein, Miranda 
et al., Khan et al., De Romeri et al. …]

Recent analysis using energy spectrum and timing information (     bounds):

[De Romeri et al. , arXiv:2211.11905)]

[Barranco et al., hep-ph/0508299]
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FIG. 3: 90% C.L. (2 d.o.f.) allowed regions on flavor-preserving neutrino NSI from the CsI
(magenta), LAr (orange) and CsI + LAr (blue) analyses, allowing two NSI parameters at a time.
The analysis of CsI data includes only CE⌫NS interactions.

all the others to zero) read

✏
dV
ee =[�0.027, 0.048] < [0.30, 0.39] ,
✏
uV
ee =[�0.024, 0.045] < [0.34, 0.43] ,
✏
dV
µµ =[�0.012, 0.016] < [0.33, 0.37] ,
✏
uV
µµ =[�0.002, 0.001] < [0.37, 0.41] .

(43)

Similarly, the 1� limits on flavor-changing NSI parameters are

✏
dV
eµ =[�0.071, 0.071] , ✏

uV
eµ = [�0.081, 0.081] ,

✏
dV
e⌧ =[�0.12, 0.12] , ✏

uV
e⌧ = [�0.13, 0.13] ,

✏
dV
µ⌧ =[�0.087, 0.087] , ✏

uV
µ⌧ = [�0.098, 0.098].

(44)
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eµ = [�0.081, 0.081] ,

✏
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Precision CEvNS measurements at the ESS

The European Spallation Source (ESS), under construction in Lund, Sweden, will 
provide a 10 x more intense neutrino flux as the SNS

ArXiv:1911.00762 (D. Baxter et al. , « coherent elastic neutrino-nucleus scattering at 
the European Spallation Source ») proposed to perform high-statistics CEvNS 
measurements at the ESS with advanced nuclear recoil detectors (w/ low threshold)

6 detectors using different technologies and target material:
CsI (scintillator), Si and Ge (semiconductors), Xe (gaseous TPC), Ar and C3F8 
(bubble chambers)

11

Detector Technology Target Mass Steady-state Eth QF Eth
�E
E (%) Emax CE⌫NS

NR
yr

nucleus (kg) background (keVee) (%) (keVnr) at Eth (keVnr) @20m, >Eth

Cryogenic scintillator CsI 22.5 10 ckkd 0.1 ⇠10 [71] 1 30 46.1 8,405

Charge-coupled device Si 1 1 ckkd 0.007 4-30 [97] 0.16 60 212.9 80

High-pressure gaseous TPC Xe 20 10 ckkd 0.18 20 [104] 0.9 40 45.6 7,770

p-type point contact HPGe Ge 7 15 ckkd 0.12 20 [118] 0.6 15 78.9 1,610

Scintillating bubble chamber Ar 10 0.1 c/kg-day - - 0.1 ⇠40 150.0 1,380

Standard bubble chamber C3F8 10 0.1 c/kg-day - - 2 40 329.6 515

TABLE I: Summary of detector properties, maximum recoil energies considered and expected signal and background rates
used in our sensitivity calculations. Backgrounds listed do not include the 4 ⇥ 10�2 reduction by the ESS duty factor. The
germanium QF in [118] will be revisited in an upcoming publication. A rapid dependence of the silicon QF on NR energy
[97, 132] is adopted. The concept of QF is ill-defined for bubble chambers (all NR energy is available for nucleation). Their
background is integrated above nucleation threshold (in counts per kg and day). Backgrounds for semiconductors are in per
keVee, while for cryogenic CsI and pressurized xenon this is given in per keVnr, and in both cases are given in counts per keV,
kg and day (ckkd). We conservatively adopt the background at Eth, which is typically maximal, for all higher energies.

normalization uncertainties. Altogether
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Here Ni({"}, ⇠) stands for the event rate/s in the i-th
energy bin (adding up signal and background rates each
with its corresponding normalization factor) predicted by
the model that is being tested, while N̄i stands for the
event rates expected in that bin from the combination
of signal and background in the SM. In Eq. (4), �sig

and �bg are signal and background normalization uncer-
tainties. In the results presented here a 10% systematic
uncertainty has been assumed for the signal prediction.
For reference, the corresponding value at the COHER-
ENT experiment currently exceeds 20%, after adding all
corresponding uncertainties in quadrature. However, the
largest contributor to such error is the systematic error
on the QF, which according to the results from Ref. [71]
can be reduced down from a 18% to approximately a 6%.
Therefore, we deem a 10% representative of the cumula-
tive uncertainties in QF, neutrino flux, nuclear form fac-
tor, and signal acceptance by the time data taking starts.
While the steady-state background is in principle subject
to sizable systematic uncertainties, it will be e�ciently
measured using beam-o↵ data, as demonstrated at CO-
HERENT [2, 5]. Therefore, this systematic uncertainty
is set to 1% in our calculations for all detectors under
consideration. It is important to stress that, given the
large statistics predicted in all considered detectors, most
of the sensitivity results presented below are limited by
systematics within our simplified treatment and conser-
vative assumptions about their uncertainties. They are,
therefore, subject to improvements by dedicated cam-

paigns allowing a better characterization of the system-
atic uncertanties in each detector.

B. Non-Standard neutrino Interactions

From a completely model-independent approach, a
useful parametrization of the possible e↵ects of NP at low
energies is through the addition of higher-dimensional op-
erators to the SM Lagrangian, that respect the SM gauge
group. At d = 5, the only operator that can be built us-
ing just SM fields is the Weinberg operator [133], which
coincidentally gives rise to neutrino masses. At d = 6, the
allowed set of operators includes four-fermion operators
a↵ecting neutrino production, propagation, and detec-
tion processes. For example, operators of the form

2
p

2GF ✏ff
0,P

↵� (⌫̄↵�µPL`�)(f̄ 0�µPf) (6)

would induce non-standard charged-current (CC) pro-
duction and detection processes for neutrinos of flavor
↵, while operators such as

2
p

2GF ✏f,P↵� (⌫̄↵�µPL⌫�)(f̄�µPf) (7)

would lead to flavor-changing neutral-current (NC) in-
teractions of neutrinos with other fermions (if ↵ 6= �),
or to a modified NC interaction rate with respect to the
SM expectation (if ↵ = �). In Eqs. (6) and (7), f and
f 0 refer to SM fermions, ` refers to a SM charged lepton
and P can be either a left- or a right-handed projection
operator (PL or PR, respectively).

While CC NSI are severely constrained by the study
of CC processes, such as meson and muon decays, con-
straining NC NSI is a much more challenging task. This
is so because of the uncertainties involved in comput-
ing neutrino-nucleus interactions, and the experimental
di�culties in measuring NC cross sections precisely. In
fact, the best constraints available in the literature for
these operators come from global fits to oscillation data,
which are very sensitive to modifications in the e↵ec-
tive matter potential felt by neutrinos as they propagate



Expected future sensitivity to NSIs

Assume data (signal + background) = SM prediction (running time = 3 yr) and 
test against the SM + NSI hypothesis
Rely on arXiv:1911.00762 for the detector properties, background level and 
estimation of systematic uncertainties

Find improved sensitivity to individual NSI parameters wrt COHERENT (with a 
single detector)

More interesting: combining data from 2 detectors leads to improved bounds
+ regions of values leading to large cancellation between the NSI and SM 
contributions excluded at 90% CL or     level (more than     for      ) 

Need detectors with different Z/N ratios, such as CsI (0.7) and Si (1), as the cross 
section depends on the combinations
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Target Quark "qVee "qVµµ
nucleus type 90%C.L. 2�C.L. 90%C.L. 2�C.L.

CsI + Si
u

[�0.041, 0.042] [�0.05, 0.052] [�0.02, 0.016] [�0.025, 0.022]

� [ [0.34, 0.39] � �

d
[�0.038, 0.039] [�0.046, 0.047] [�0.018, 0.015] [�0.023, 0.02]

[ [0.31, 0.38] [ [0.30, 0.39] � [ [0.34, 0.36]

TABLE V. Same as Table III, but for the combined analysis of the CsI and Si detectors, shown in Fig. 3.

Target Quark "qVeµ "qVe⌧ "qVµ⌧
nucleus type 90%C.L. 2�C.L. 90%C.L. 2�C.L. 90%C.L. 2�C.L.

CsI+Si
u [�0.074, 0.074] [�0.081, 0.081] [�0.13, 0.13] [�0.14, 0.14] [�0.09, 0.09] [�0.10, 0.10]

d [�0.068, 0.068] [�0.075, 0.075] [�0.12, 0.12] [�0.14, 0.14] [�0.085, 0.085] [�0.092, 0.092]

TABLE VI. Same as Table IV, but for the combined analysis of the CsI and Si detectors, shown in Fig. 3.

parameter (from left to right: "qVee , "qVµµ , "qVeµ , "qVe⌧ and "qVµ⌧ , with q = u for the upper panel and q = d

for the lower panel). For simplicity, we consider only a few out of the many possible combinations
between the six detectors, which we choose among the most efficient ones in terms of sensitivity
improvement. The red, green, blue, cyan and magenta curves refer to the combinations CsI + Xe,
CsI + Si, Xe+ Si, Ge+ Si and CsI + C3F8, respectively. As can be seen from these plots, the most
significant sensitivity improvement with respect to the setup with a single detector is obtained from
the combination CsI + Si, especially for the parameters "uVee , "uVµµ and "dVµµ . In Tables V and VI,
we give the expected sensitivities of this particular combination of detectors to the diagonal and
off-diagonal NSI parameters, respectively. As can be seen by comparing these expected sensitivities
with the ones appearing in Tables III and IV, the improvement is significant for the off-diagonal
parameters, and even more remarkable for some of the diagonal parameters. For instance, the
expected allowed region around 0.3� 0.4 for "uVµµ in Table III can be excluded at more than 3� by
the combination CsI+Si. By contrast, the analogous regions for "uVee and "dVµµ can only be excluded
at the 90% confidence level.

NC-NSI parameters are also constrained by neutrino oscillation experiments, as they modify
neutrino propagation in matter [56, 58]. However, while CE⌫NS is only sensitive to the parameters
✏uV↵� and ✏dV↵� , oscillation data also depend on the neutrino couplings to electrons, ✏eV↵� . More precisely,
the Hamiltonian in matter depends on the combinations of NSI parameters ✏m↵�(x) ⌘ ✏eV↵� + ✏pV↵� +

Yn(x) ✏nV↵� , where ✏pV↵� = 2✏uV↵� +✏dV↵� , ✏nV↵� = ✏uV↵� +2✏dV↵� , and the x-dependence comes from the varying
chemical composition of the medium, Yn(x) = nn(x)/np(x) (with nn(x) and np(x) the neutron and
proton densities). Furthermore, only the differences of diagonal NSI parameters are constrained by
oscillation data. In addition to giving a more direct access to non-standard neutrino couplings to
quarks, CE⌫NS measurements are crucial to discriminate between the LMA and the LMA-Dark
explanations of neutrino oscillation data [59, 60]. In Refs. [61–63], a combined analysis of oscillation
data and of the COHERENT results was performed under the assumption that all ✏e↵� parameters

<latexit sha1_base64="7+E52sNVEwuf7Mbjuwy2blNCtBs="></latexit>

Z"p↵↵ +N"n↵↵ (↵ = e, µ)

<latexit sha1_base64="abHWdDhx3Smp25+VPjK1Q1bS2JA="></latexit>

3�
<latexit sha1_base64="OymmvXWDxQ8XlrK5SRlwOUtmK+U="></latexit>

"uµµ



Sensitivity to pairs of NSI parameters

2 non-vanishing NSI parameters ⇒ degeneracies

E.g. 
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Combining the data from two detectors
with different Z/N ratios leads to a partial
breaking of the degeneracies

CS, I and Xe have similar Z/N ratios (0.7)
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FIG. 7. Expected 90% C. L. sensitivities (with two d.o.f., i.e. ��2  4.61), in the planes defined by
different sets of two diagonal NSI parameters, allowed by the combinations of detectors CsI + Xe (yellow)
and CsI + Si (blue), assuming 3 years of data taking at the ESS for each detector. The left, central and
right panels correspond to the parameters ("uVee , "uVµµ ), ("uVee , "dVee ) and ("uVµµ , "

dV
µµ ), respectively.

and with a slope m again given by Eq. (15). For Nth = NSM
th = C(ZgpV + NgnV )

2, the two lines
merge into a single one crossing the origin. Similar conclusions hold if the two nonvanishing NSI
parameters are chosen to be ("uVe⌧ , "dVe⌧ ) or ("uVµ⌧ , "dVµ⌧ ). Omitting detailed explanations analogous
to the ones given for Fig. 5, this explains why the expected 90% C.L. sensitivity regions in Fig. 6
consist of a single linear band of slope m containing the origin.

As can be seen from Figs. 4, 5 and 6, degeneracies between different NSI parameters appear
whenever one tries to constrain more than one parameter at a time from a single CE⌫NS measure-
ment experiment. We now show how these degeneracies can be partially lifted when combining the
results of two different detectors. Given the large number of possible combinations of two detec-
tors, we restrict our study to a few suitably chosen cases. Already from inspecting how the different
sensitivity regions in Figs. 4 to 6 overlap, one can identify some more favorable combinations. In
particular, detectors with a different proton to neutron ratio [14] help to reduce the degeneracies
in Figs. 5 and 6, as the associated bands are characterized by different slopes (indeed, m can be
written as m = �(2r + 1)(r + 2), where r = Z/N). As an illustration, we show in Fig. 7 the
expected 90% C.L. sensitivities in the parameter spaces

�
"uVee , "uVµµ

�
,
�
"uVee , "dVee

�
and

�
"uVµµ , "

dV
µµ

�
for

the detector combinations CsI+Si, and CsI+Xe. As can be seen, the most efficient combination is
the one involving two target materials with a very different proton to neutron ratio (r = 0.71 [0.72]
for Cs [I] versus r = 1 for Si, while Xe has r = 0.69, very close to the Cs and I nuclei). Moreover,
by comparing the blue area on the left plot of Fig. 7 with Fig. 14 of Ref. [43], one can see that
combining the data of two detectors with different enough characteristics, such as CsI and Si, is
much more efficient in breaking degeneracies than filling the same gas TPC detector alternatively
with Xe and Ar, which is the option studied in Ref. [43]. To make the comparison more meaningful,
we checked that this conclusion still holds if the CsI and Si detectors run only for 1.5 years each,
as for the gas TPC detector filled with either Xe or Ar.

For comparison, we show in Fig. 8 a few more combinations of two detectors, again chosen among
the most suitable ones to reduce degeneracies between two different NSI parameters. Among these



Other example: 

Other interesting combination: NSI bounds from CEvNS and oscillations
[Esteban et al., 1805.04530; Coloma et al., 1911.09109; Chaves and Schwetz, 2105.11981]

(assume            and               )

Chaves and Schwetz (arXiv: 2105.11981): LMA-Dark can be excluded at 
using CEvNS measurements at the ESS with a Z/N ratio close to 1, such as Si
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FIG. 5. Expected 90% C. L. sensitivities (with two d.o.f., i.e. ��2  4.61) to different combinations of two
diagonal NSI parameters for the detectors described in Table I. We assume 3 years of data taking at the
ESS. The color code is the same as in Fig. 4. The top panels correspond to the combinations ("uVee , "dVee ),
and the bottom panels to ("uVµµ , "

dV
µµ ).

bands, which can be understood from arguments similar to the ones used above. Indeed, assuming
the two nonvanishing NSI parameters to be "uVeµ and "dVeµ , one can write the expected total number
of signal events in the form (for a single-nucleus detector)

Nth = C

⇢⇥
ZgpV +NgnV

⇤2
+

h
(2Z +N) "uVeµ + (Z + 2N) "dVeµ

i2�
, (16)

where C is the constant that results from performing the integral over all three neutrino fluxes in
Eq. (10) after factorizing out the weak nuclear charge. For a fixed number of events Nth, Eq. (16)
describes two straight lines in the

�
"uVeµ , "dVeµ

�
plane, symmetric under a reflection through the origin
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the one involving two target materials with a very different proton to neutron ratio (r = 0.71 [0.72]
for Cs [I] versus r = 1 for Si, while Xe has r = 0.69, very close to the Cs and I nuclei). Moreover,
by comparing the blue area on the left plot of Fig. 7 with Fig. 14 of Ref. [43], one can see that
combining the data of two detectors with different enough characteristics, such as CsI and Si, is
much more efficient in breaking degeneracies than filling the same gas TPC detector alternatively
with Xe and Ar, which is the option studied in Ref. [43]. To make the comparison more meaningful,
we checked that this conclusion still holds if the CsI and Si detectors run only for 1.5 years each,
as for the gas TPC detector filled with either Xe or Ar.

For comparison, we show in Fig. 8 a few more combinations of two detectors, again chosen among
the most suitable ones to reduce degeneracies between two different NSI parameters. Among these

<latexit sha1_base64="E8G2ZDhTPWxqUtszDt+KbqVCOg4="></latexit>

"e↵� = 0
<latexit sha1_base64="h9IpMrDqaz1Ji1QmfwaCZj4Azvc="></latexit>

"u↵� / "d↵�
<latexit sha1_base64="xDYd20TCXLZZokngXJpsT9YuUNE="></latexit>

4�



Conclusions

CEvNS is a powerful probe of (neutral current) non-standard neutrino 
interactions (NSIs), complementary to neutrino oscillation data

CEvNS measurements at the European Spallation Source can improve 
current bounds on NSIs, especially if different detectors are operated

Combining the data of detectors whose target materials have different     
Z/N ratios is particularly efficient in reducing degeneracies between       
NSI parameters


