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1 Introduction

Neutrino oscillation physics has entered the precision era, allowing generic new physics
to show up only as subleading corrections to the well established standard three-flavour
oscillation scenario [1]. However, an exception to this statement is the so-called LMA-dark
degeneracy [2] induced by neutral-current (NC) type non-standard neutrino interactions
(NSI) [3-5]. The origin of this degeneracy is a symmetry in the effective neutrino Hamilto-
nian in matter [6, 7], which involves flipping the octant of the mixing angle 615 as well as
a sign change of the neutrino mass-squared difference Am3; [8]. Therefore it is called also
generalized mass-ordering degeneracy. The degenerate solution is not a small perturbation
of the standard scenario and leads to a qualitatively different mixing pattern. If NSI couple
only to protons the symmetry of the evolution equation is exact and independent of the
matter composition. Therefore, it is fundamentally impossible to resolve the degeneracy
by any oscillation experiment or combination thereof, being in vacuum or matter with an
arbitrary profile.

The only way to resolve the generalized degeneracy is by non-oscillation experiments [8—
10], in particular, neutral-current scattering experiments. A promising candidate process
in this respect is coherent elastic neutrino-nucleus scattering (CEvNS) [11], which has been
recently observed for the first time by the COHERENT experiment [12]. Implications of
this first data for the LM A-dark degeneracy have been investigated by a number of authors,
e.g., [13-19]. The authors of ref. [17] performed a combined analysis of global oscillation
data with the COHERENT CEvNS measurement on a Csl target reported in [12] in the



framework of three-flavour oscillations plus general NC NSI. The results of that work show
that the LMA-dark solution is ruled out at more than 3¢ if NSI occur exclusively with up
or with down quarks. However, allowing for general relative NSI strength to up and down
quarks, ref. [17] reports a significant region in parameter space where LMA-dark cannot
be disfavoured with respect to the standard mixing scenario.

In this paper, we update the present status of LMA-dark by considering the recent
measurement of CEvNS on argon [20] as well as a preliminary improved measurement with
Csl by COHERENT [21]. The LMA-dark solution becomes disfavoured with a Ax? ~ 5
relative to LMA-light, but the degeneracy persists at a higher confidence level. Then
we investigate quantitatively under which conditions the LMA-dark degeneracy can be
excluded (or eventually discovered) by future CEvNS measurements, see [22] for a review
current and future projects. To be specific, our sensitivity studies will be motivated by
possible CEvNS experiments at the European Spallation Source (ESS) [23] as well as by
two examples for projects at nuclear reactors, the ongoing CONNIE [24] and CONUS [25]
experiments.

Let us note that if NSI are induced by “heavy” mediator particles, additional bounds
apply, such as from high-energy scattering experiments [26, 27|, see e.g., [10, 15] for discus-
sions, or (with some model-dependence) also from LHC [28-30]. Here we assume that the
contact interaction approximation is valid only up to the momentum transfers as relevant
for coherent scattering experiments at stopped pion sources, i.e., of order 50 MeV, and we
do not take into account information from data which would require contact interactions
to be valid also at higher energy scales. Furthermore, we restrict our analysis to NSI with
quarks and neglect effects of NSI with electrons, see e.g., [31, 32].

The outline of the paper is as follows. In section 2 we introduce the NSI formalism
and fix our notation. Then we review the LMA-dark degeneracy as well as the parametric
dependencies of CEvNS measurements. In section 3 we discuss the present status of the
LMA-degeneracy from a combination of data from neutrino oscillations with the COHER-
ENT experiment, including the recent measurement of CEvNS on argon and Csl updates.
In section 4 we discuss the sensitivity of future measurements based on neutrinos from a
stopped pion source (section 4.1) and from nuclear reactors (section 4.2). We summarize

our results in section 5.

2 NSI formalism and the LM A-dark degeneracy

In this section, we introduce the formalism for the NSI considered in this paper. They
are described by an effective dim-6 interaction Lagrangian, in analogy to the 4-Fermi
interaction. We follow closely the notation of refs. [17, 33], where also the latest bounds
from a global analysis are presented. Recent reviews on NSI can be found in refs. [34-36].

We consider NSI of the NC type with up- and down-quarks in the background medium,
which are described by the effective Lagrangian

Lnst = —2V2Gp Z Z Eﬁﬁ(ﬂaL’Y“l/ﬁL)(?’Yuf% (2.1)
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where, o, = e,u,7. The dimensionless parameters eiﬁ parametrize the strength of

the new interaction with respect to the Fermi constant Gr. Hermiticity requires that
P ( e )*
af T \*Ba/
the contribution to the effective matter potential. The embedding of the low-energy effec-

Note that we consider only vector interactions since we are interested in

tive interaction of eq. (2.1) into a consistent effective field theory in the framework of the
Standard Model has been discussed in [37-39].

Following ref. [33] we allow for arbitrary relative couplings to up- and down-quarks
parametrized by a parameter n, but we assume that the relative up- and down-quark
coupling is independent of the neutrino flavour:

u d \/5

V5 . :
€ap = ?(2 cosn — sinn)egs €np = ?(2 sinn — cosn)eq - (2.2)

The analysis is performed in terms of the coefficients €| P and the angle n. The normalization
is chosen such that e/, = €45, €l 5 = 0 for n = arctan(1/2) ~ 26.6° and €5 = elg, 45 =0
for n = arctan(2) ~ 63.4°. The effective couplings to protons and neutrons are obtained as

egﬁ = 2€n5 + eiﬁ = \/gezﬁ cosn, €ap = 26i5 + €ap = \/SEZB sinn . (2.3)

To cover the full parameter space we chose the convention to restrict n to the interval
[=7/2,7/2] and consider both signs for €, ;.

These NSI will contribute to the effective matter potential [3] in the Hamiltonian
relevant for neutrino propagation. Since the flavour evolution is only sensitive to phase
differences, oscillations are sensitive only to two differences of flavour diagonal NSI, for
instance €J, — €}, and €}, — €l
625 (o # ). Neutrino scattering experiments are sensitive also to the individual diagonal
NSI, €7,

Let us consider now a NC-type interaction with a medium consisting of nuclei with Z

as well as the three (complex) off-diagonal coefficients

protons and N neutrons. We define an effective NSI parameter depending on the neutron-
to-proton ratio Y = N/Z by

ol = g+ Vel = Voelg(cosn + Y sing). (24)

Note that in general egg may change along a given neutrino trajectory, if the neutron-to-

Y.n

.3 becomes position

proton ratio changes along the path. Only if €5 =0, i.e., for n =0, €
independent and is equal to the NSI with protons. In general, sensitivity to n arises due to
data from different matter composition (implying different values of Y'), e.g., matter effects
in the Sun versus Earth, or different target materials in CEvNS experiments as discussed
below.

Our approach is driven by phenomenology, without reference to a specific model re-
alization. A straight-forward way to realise NSI is based on a Z’ mediator from a new
U(1) gauge symmetry, see e.g., [40-43]; for other possibilities see e.g., [44, 45]. If the U(1)
symmetry is restricted to anomaly free combinations of the SM global symmetries, gener-
ically one expects €,5 = egﬁ, i.e., n = 45°. For this case, LMA-dark is already strongly
disfavoured by present data [17]. As discussed below, we focus on the region —40° <7 < 0,



where the LM A-dark degeneracy is still allowed. Hence, the parameter region of interested
to us requires a somewhat non-minimal setup to realise different couplings to up and down
quarks. This could be for instance U(1) gauge symmetries beyond the anomaly free com-
binations [46], or contributions from more than one mediator. We remark that generically
in such models also NSI with electrons are induced, which we neglect in our analysis. Ded-
icated model-dependent analyses are beyond the scope of this paper and we stick to a
model-independent phenomenological approach under the stated assumptions.

2.1 The LMA-dark degeneracy

Due to CPT invariance, neutrino evolution is unchanged when the effective Hamiltonian
is transformed as H — —H*. For the Hamiltonian relevant for neutrino propagation in
vacuum, this transformation can be implemented by changing the parameters as

Amgl — _Am§2 ) 012 — 7T/2 — 012, dcp — ™ — dcp, (2.5)

see [8] for the parameterisation conventions. The standard matter effect breaks this degen-
eracy, which allows one to fix the sign of Am3; (i.e., the mass ordering) as well as the octant
of 012 by observing the standard matter effect. However, if we allow for NSI, the symmetry
can be restored by performing simultaneously to eq. (2.5) the transformation [6-8, 47]

Y, Y, Y, Y,
(eeeﬂ7 - E,uly) — _(Gee’77 - eyﬁ?) - 27
(€ = i) = —(e3" = el (2.6)
Y, Y,
o = —(ea5)” (@ # ).

Hence, if NSI parameters which can accommodate this transformation are allowed by non-
oscillation data, neither the octant of the mixing angle 612 [2] nor the neutrino mass order-
ing [8] can be determined because of the degeneracy. As mentioned above, for n = 0 (NSI
with protons only), the parameters ezﬁn are independent of the chemical composition of the
background medium, and therefore the degeneracy is exact and holds for any combination
of oscillation experiments including arbitrary matter density profiles. For other values of
7, the degeneracy is still present approximately for the actually available data.

A detailed investigation of the status of the LMA-dark degeneracy has been presented
recently in ref. [17] by performing a global analysis of neutrino oscillation data combined
with data from the COHERENT CEvNS measurement. While the SM fit with no NSI
provides a good fit to the data, the authors find that in the region —40° < 1 < 0° the
LMA-dark degeneracy cannot be excluded relative to the SM fit (the precise range depends
on details of the COHERENT data analysis). The main purpose of this paper is to study
the requirements which are needed to resolve the degeneracy in this range of 1. The size of
NSI parameters is roughly 1 < (€]}, — €l.) < 2, €], ~ €]}, and the off-diagonal coefficients
consistent with zero. Hence, as suggested by the first line in eq. (2.6), the LMA-dark

solution implies NSI coeflicients of order one.



2.2 CEvNS
The differential cross section for coherent scattering of a neutrino with energy F, on a
nucleus with Z protons, N neutrons, and mass M reads [48]:

do G MT) . (2.7)

2

FA252(,2

— = —Q°F M(2—-—
a7~ 2 @) ( E2
Here, T is the recoil energy of the nucleus, F(q?) is the nuclear form factor depending on
the momentum transfer squared, ¢> = 2M7T and @Q? is the weak charge of the nucleus. In
the Standard Model (SM) its value is

Qév = (Zg) + Ngy)?, (2.8)

with the tree-level relations gy’ = 1/2 — 2sin? 6y and g} = —1/2. We have checked that
loop-corrections to these values (see e.g., [49] for a discussion) have a negligible impact on
our numerical results; therefore, for the sake of simplicity, we stick to the tree-level values
for Qsym. For the weak mixing angle 6y, we adopt the low-energy value derived in [50].

The effect of NC vector NSI as considered in this work can be taken into account by
replacing Q%M by an effective weak charge, which now becomes dependent on the flavour
a of the incoming neutrino [11]:

Q%= [2(g) + )+ N(gY + )]+ X [z, + Ny
B#a

— (QSM + Zegg’f + 72 Z (652;7)2 , (2.9)
B#a

with an’n defined in eq. (2.4) and for the sake of simplicity, here and in the following we
assume that off-diagonal NSI coefficients are real. The first term in eq. (2.9) corresponds
to the flavour diagonal process v, + A — v, + A, where the NSI induced amplitude can
interfere with the SM term, whereas the second term corresponds to flavour changing
scattering, v, + A — vg + A.

It is clear from eqgs. (2.9) and (2.4) that an experiment with a given target nucleus will
not be sensitive to NSI if egﬂn = 0 because of the negative interference of the interactions

with protons and neutrons, which happens for

1
Mblind = — arctan (Y) . (2.10)

In table 1 we list several of possible detector targets showing their respective values for Z,
Y, and Mpling. LMA-dark is allowed by present data for values of n somewhat larger — but
close to — the blind spot for Csl, ngﬁid ~ —35.4°. In order to resolve the degeneracy, data
from a target with an npjng sufficiently smaller than this value will be needed.



Target | Z Y Mhlina  —Qsm 0/Q3y  ou/o

CsFg | 82 1.081 —42.8° 4.27 13.3% 00
Si 14 1.006 —44.8° 6.72 17.6% 00
Ar 18 1.235 —39.0° 10.71 12.0% o0
Ge 32 1.270 —38.2° 19.6 14.2%  4.20
Csl 54 1.405 —35.4° 36.7 12.5%  3.37
Xe 54 1.431 —35.0° 37.4 12.0% 4.01

Table 1. Number of protons Z, the neutron-to-proton ratio Y = N/Z, the corresponding blind
SPOt Nplind, €q- (2.10), and the value of the SM weak charge, Qgwm, for different target materials. We
use the average N corresponding to the natural isotope abundances, and for the molecules C3Fg
and Csl we take the average Z and N values. The last two columns show our assumptions about
the measurement uncertainties obtainable at ESS, see eq. (4.1).

3 Present status of the LM A-dark degeneracy

3.1 Analysis details
Statistical method. In order to test the LMA-dark solution we define the following Ax?

function:
AP m) = XD(E" M) = Xemins XLanin = WX (€7 m). (3.1)

Here, €" = (625) is a short-hand for all NSI coefficients and X2D, 1(€",m) are the x? functions
restricted to the LMA-dark (612 > 45°) or LMA-light (612 < 45°) sides of the parameter
space, respectively. The Ax? in eq. (3.1) quantifies the degree to which the LMA-dark
solution is disfavoured with respect to LMA-light. In particular,

Axby, = min [Ax* (. 0)] = xbwin ~ X min (32)

corresponds to the log-likelihood ratio of the two hypotheses LMA-dark versus LMA-light.
In the following, we will evaluate AXQD ;, from eq. (3.2) for 1 dof to quantify the exclusion of
the LM A-dark degeneracy. In order to perform the minimisation over the NSI parameters,
we use a Monte Carlo minimisation based on the differential evolution method [51]. The
numerical calculations are performed with the SciPy library [52] in python that already
has this algorithm implemented.

Oscillation experiments. The information from oscillation experiments is included by
using the results of the global analysis from ref. [33]. We re-construct approximate functions
X%’Osc(e", n) and XQD’OSC(e", n) from figures 7 and 10 of ref. [33] (2020 updated version).! We

"We are grateful to the authors of ref. [33] for providing us a y>-table corresponding to an updated
version of their figure 7. Let us note that the figure shows marginalized regions for each ¢! 5 as a function
of . Therefore, we neglect correlations between the different € 5- In general, our exclusions will be
conservative; if parameter correlations can be included exclusions of the LM A-dark degeneracy would be
somewhat stronger.



refer the reader to that reference for further details about the statistical analysis and
used data.

The function Ax?2,. minimized with respect to all €7 is shown as black-dotted curve in
figure 1. We restrict to the range —50° < 1 < 0°, since outside this region LMA-dark is
strongly disfavoured [17]. We see that oscillation data by themselves exclude LMA-dark
for values of n < —37° at more than 30, while for —25° < n < 0° LMA-dark provides a
comparable fit as LMA-light with Ax%; < 2.

COHERENT. Let us now discuss our implementation of CEvNS data from the CO-
HERENT experiment [12]. They are using neutrinos from a stopped pion source, consist-
ing of v, and v, flavours in the ratio 2:1. Therefore, this experiment is sensitive to both,
@, and Q. weak charges, see eq. (2.9). Via a combined fit of the event energy spectrum
and time distribution, it is possible to separate the contribution of the u and e flavours
statistically to some extent.

The original data [12] is based on a Csl target, and their implications for NSI have been
widely studied, see e.g., [13-19]. Here we update the CsI analysis by using the preliminary
results presented in ref. [21]. Compared to the original 2017 data [12], the statistics is
increased, and — most importantly — new data on the quenching factor have become
available, leading to an over-all improvement in precision from 33% of the 2017 analysis to
about 16%.

Ref. [21] reports results in terms of the correlated determination of averaged cross
sections (o,) and (o), corresponding to the v, and v, flux averaged contributions to the
observed CEvNS cross section. In order to reproduce these results we use that (o,) < Q2
(a = e, ). Then we make the following ansatz for a x? function:

2 -1 2
Kaneon (@4 Q2) = (AQ2. AQ2) (p 0, ”‘;?) (22;) , (33)
where AQ? = Q% — (Q5P)2. The values for QPP, 6., ,, and the correlation p are then fitted
in order to reproduce the results shown in [21] for (0,) and (o). We find that with the
values p = —0.790, 6, = 1204.7, 6, = 404.6, (QP')* = 1200.0 and (Q})? = 1245.1 we can
reproduce their results rather accurately. Using eq. (2.9) it is straight forward to transform
X%oh(CsI) (Qg’ Qi) into X%oh(CsI) (6”77 n)

In addition to Csl data, COHERENT has also published a first measurements of
CEvNS on an argon target [20]. Implications for various new-physics searches of the Ar data
have been investigated e.g., in [18, 49]. We estimate the weak charge determination from
these data by assuming that the measurement is dominated by the total rate. Following
ref. [13], we adopt the following x? definition:

[£.Q2 + £,Q2 — Q)]

o2

X2Coh(Ar) (an QZ) = (34)

For the relative contributions of v, and v, flavours we adopt values similar to the ones
for Csl data, fo =~ 0.3 and f, ~ 0.7 [12, 13]. The o = 25.0 is the total rate error and
QPP = —12.2 is the best-fit point measured. These values are estimated by reproducing
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Figure 1. Ax? of the LMA-dark solution minimized with respect to )5 as a function of 7 for

oscillation data (black), oscillations4+Coherent (CsI) (blue), oscillations+Coherent (Ar) (orange),
and all three data sets combined (purple). For dashed curves the off-diagonal ! 5 are fixed at zero,
for solid curves we minimize with respect to them.

figure 6 of ref. [20]. We combine Ar and Csl measurements from COHERENT assuming

no correlation between the measurements.

3.2 Results from current data

The results from combining oscillation data with COHERENT CsI and/or Ar are sum-
marized in figures 1 and 2. For each data combination, we construct X%, p and build the
Ax? between dark and light sides according to eq. (3.1), on which the figures are based.
When combining all data, LMA-dark becomes disfavoured for all possible values of n with
Ax? > 5, i.e., at the 2.20 level, see purple curve in figure 1. However, the degeneracy
remains below 3¢ for 7 in the intervals [-35.9°, —31.3°] and [—25.6°, —10.5°]

We note that the interplay of the three data sets, oscillations, Coh (Csl), Coh (Ar) is
essential for this result. By using only Coh (Csl) or Coh (Ar) data, LMA-dark remains
allowed below 20 in the region —31° < n < —14°. In figure 2 we show the individual
constraints in the plane of €], and €], for different fixed values of 7. In the left panels
corresponding to n = —37° and —28° the complementarity of Csl and Ar data pushes the
Ax? above the 30 level and therefore no allowed regions appear for the combined data.
The right panels correspond to the minima of Ax? around n = —35° and —20°, illustrating
why present data cannot disfavour these regions. The upper right panel corresponds to the
blind spot for Csl and therefore no limits are visible for Coh (CsI).

In figure 2 we set all off-diagonal NSI parameters 52,3 with o # 8 to zero. Figure 3
shows the effect when allowing them to vary freely and minimizing the y? with respect to
them. We see that this leads to the disappearance of the “hole” in the allowed regions from



= 0SsC. -~ = COH. (Ar) = COH. (Csl) ESS(Si) B COH.(Csl+Ar)+osc.

n= —37° n= —35°

€de €de

Figure 2. Allowed regions in the plane of €], and €], at Ax? = 11.83 corresponding to 3¢ for

2 dof, for different fixed values of 7. The contour lines correspond to the regions from oscillation
data, Coh (Csl), and Coh (Ar) separately. The purple filled region is obtained by combining all
three data sets. The diagonal band corresponding to oscillation data does not pass through the SM
point €] , = €l, = 0 because we have assumed the LMA-dark solution with 612 > 45°. The light-red
filled region shows the sensitivity of a future measurement at ESS using a Si detector, assuming the
SM. Off-diagonal egﬁ are fixed at zero.

COHERENT. This can be easily understood from considering eq. (2.9). The hole appears
due to a negative interference of the diagonal NSI with Qgn, such that (Qsy + Zel)? <
Q%M This can be compensated by the off-diagonal NSIs in the second term in eq. (2.9).

However, in order to fill the holes in the COHERENT regions, relatively large values of
off-diagonal EZ j are required, whereas oscillation data puts rather strong bounds on them.
As visible from figure 7 of ref. [33], the weakest bound is €. < 0.2 at 30 and significantly
tighter bounds on €], and €] . Once we restrict the off-diagonal terms to their allowed
range by including the x? corresponding to the respective panels in figure 7 of ref. [33], their
effect is negligible and we recover the situation shown in figure 2. This can also be seen
in figure 1 by comparing dashed curves (off-diagonal NSI fixed to zero) and solid curves
(minimized with respect to off-diagonal NSI).

From the purple regions in figure 3 we read off the NSI parameters, for which the LMA-

dark degeneracy is allowed below 30 from current data. The three islands are located
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Figure 3. Same as figure 2 but minimizing with respect to the off-diagonal ¢! rr

n Ege EZ,u Ege Ege eﬁ,u, EZu
—-20° —-0.2 12| —-03 02 20 -—-1.5
-35° —-1.8 15| -=3.0 26 25 =22

—35° 25 6.0 41 =37 99 -88

Table 2. Location of the currently allowed three LMA-dark islands. For each island we give
approximate values of 7, €/, € ,, as well as the corresponding couplings to up and down quarks,
see eq. (2.2).

roughly around the parameter values given in table 2. All three points require sizeable
NSI with v, especially the one shown in the last row of the table. The solution around
n ~ —20° is consistent with €, = 0, see lower-right panel of figure 3.

4 Resolving the degeneracy with future CEvNS data

Let us now investigate which future CEvNS measurements have the potential to exclude
LMA-dark with high significance. We build on and extend the results from [10], where
related discussions can be found. We consider two examples, namely CEvNS measurements

~10 -



using either stopped pions or a nuclear reactor as neutrino sources. Apart from the different
neutrino energies, the main difference for our purposes is that stopped pion sources produce
a mixture containing electron and muon (anti-)neutrino flavours, whereas nuclear reactors
are a source of pure electron anti-neutrinos. Below we will always assume that the best-
fit point for a hypothetical future experiment is at Q%M, i.e., no NSI. Then we calculate
the sensitivity to constrain Q? and Qi under some assumptions about the measurement
uncertainty and add the resulting x? to the one from present data as discussed in the
previous section.

4.1 CEvNS from a stopped pion neutrino source

To be specific, in this section we consider as an example for a stopped pion source the
sensitivity of a possible CEvNS measurement at the European Spallation Source (ESS) [23].
The ESS can provide an increase in neutron luminosity by a factor 30—-100 with respect to
previous spallation sources, and an order of magnitude larger neutrino fluxes than the SNS
where the COHERENT experiment is located. The sensitivity of CEvNS measurements
using different detector technologies based on various target materials has been investigated
in ref. [23], where details about the assumed experimental configurations can be found. See
also [53] for some physics applications.

The CEvNS measurement at ESS will be dominated by the total rate of the signal.
We adopt the neutrino flavour contribution to the event rate of v, : v, : 7, = (1:1:1) and
therefore the measurement corresponds to the determination of the effective weak charge
combination Q?/ 3+2Qi /3. In some cases the detector energy resolution allows to partially
distinguish between electron neutrinos and muon neutrinos due to the different spectral
shape of their respective fluxes [23]. To implement this effect we suppose that an additional
independent constraint on (), can be obtained. Hence, we use the following x? definition:

2 N2 3_-9 2 32
X%}SS: (QSM Qegz Qu/) +

(@ - @2

2
g

(4.1)

Here, o (0,) is the assumed uncertainty on the total rate (on Qi) The values of the
uncertainties have been chosen in order to match figure 12 of [23] and the numbers are
listed for the various target materials in table 1. In good agreement with the assumptions
from [23], we find rate measurement uncertainties in the range from 12% to 18%. For Ge,
Csl, and Xe targets a constraint on QZ with 0,/0 ~ 4 can be obtained, whereas for the
lighter targets CsFgs, Si, Ar the measurement is dominated by the total rate alone. With
these assumptions we can reproduce figure 12 of [23] with excellent accuracy.

In figure 4 we show the sensitivity to exclude the LM A-dark solution from adding an
ESS measurement with different target nuclei to present data. We see that Ar, Xe, Csl can
lead only to a rather marginal improvement, increasing the Ax? by about 1 unit, and similar
also for Ge, for which the improvement is about 3 units. These nuclei have their blind spot
close to n ~ —35° (cf., table 1), and therefore it is not possible to improve significantly
around that value of n with respect to the present situation. In contrast, a measurement
using CsFg and especially Si, can lead to a significant improvement. From table 1 we see
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Figure 4. Expected sensitivity to exclude LMA-dark by a CEvNS measurement at ESS using
different target materials. For dashed curves the off-diagonal €’ 5 are fixed at zero, for solid curves
we minimize with respect to them.

that they have a neutron-to-proton ratio as well as npnq sufficiently different from Csl,
such that they will be able to exclude LMA-dark with Ay? ~ 16.1 (Si) and 13.0 (C3Fs).

The complementarity of a Si measurement is illustrated also in figures 2 and 3. We
see that in the relevant range of 1 the ellipse from the Si measurement only marginally
touches the LM A-dark band at the 30 level. From these plots it is clear that also for the ESS
measurement we observe a similar effect of off-diagonal NSI parameters as for COHERENT:
they are negligible once constraints from oscillations are included, cf. dashed versus solid
curves in figure 4.

In figure 5 we address the question of which accuracy for a CEvNS measurement
at a stopped pion source will be needed in order to disfavour LMA-dark significantly. We
adopt the x? from eq. (4.1), add it to the one from the present data and show the difference
between the y? minima in the dark and light sides as a function of the relative measurement
uncertainty of the weak charge. We see that for Si (C3Fg), already for a rough measurement
of 0/Q% ~ 1(0.5), LMA-dark will be disfavoured at Ay? > 9.

At small values of o the curves become flat. The asymptotic value for a given target
material is determined by the size and location of the ring in the plane of €, and €],
relative to the LMA-dark band.? We see that Ar, Xe, and Csl targets would not reach
30 even for an ideal measurement. However, the asymptotic values for Si, Ge, C3Fg, are
roughly 17, 16, 12.5, respectively. If evaluated for 1 dof this would correspond to about
40 for Si and Ge and 3.50 for C3Fg. For Si and C3Fg the asymptotic sensitivity is already

2The small decrease at small o for Ar, Xe, Csl results from the fact that the best-fit point in the light
side from current data is not exactly at ¢’ = 0. By adding hypothetical ESS data assuming no NSI, also
the light-side best-fit point changes slightly, leading to the small decrease in Ax? between dark and light
sides.
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Figure 5. Ax? between the LMA-dark and LMA-light best-fit points as function of the relative
measurement error o/Q3,, for a CEVNS experiment at a stopped pion source for different target
materials, assuming that the best-fit point corresponds to no NSI. In scaling o we keep the ratio
o,/o constant, using the value given in table 1. The dashed-green curve shows the result for Ge
for o, — co. The stars indicate the assumptions for ESS sensitivities based on [23].

achieved for o/ Q%M around 10%, and already our default assumptions for ESS are rather
close to them, as indicated by the stars in figure 5.

Note that for Si and C3Fg we assume a total rate measurement, constraining only the
combination (Q?/342Q%/3). For Ge we show in figure 5 the impact of a partial separation
of @? and Qi. The solid green curve corresponds to the situation where in addition to the
total rate also Qi can be determined with a relative precision of 0, /0 = 4.2, as motivated
by the results of [23]. In contrast, the dashed-green curve shows the result for Ge using only
the total rate, i.e., setting o, — oo. We see that for Ge the separate Qg/Qi information is
essential to disfavour LM A-dark at high significance. The reason for this becomes apparent
in figure 6, where we show a Ge measurement with a precision of a factor 5 better than
the ESS assumption using total rate information only (green shaded). We see that the ring
passes precisely through the two islands for n &~ —35° and therefore the degeneracy cannot
be lifted for this value of 7. The Ge constraint has a similar shape as the one from Ar, due
to the similar value of the neutron-to-proton ratios, cf. table 1. However, if in addition to
the total rate also separate information on Qi is available, the ring becomes split into 4
islands (green-solid contours) and the degeneracy is resolved.

4.2 CEvNS from reactor neutrinos

There are a number of ongoing or planned CEvNS experiments at nuclear reactors, see [22]
for a review. In this subsection we address the question of whether a reactor measurement
can also serve to resolve the LMA-dark degeneracy. The most relevant difference to pion
sources is the pure electron flavour of the neutrino source. To be specific, we will consider
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Figure 6. Same as figure 2 but showing allowed regions at 30 from a Ge target at a stopped pion
source assuming a precision of o/ Q%M = 0.028, a factor 5 better than the ESS assumption from [23].
For the green-shaded region (green-solid contours) we assume o, /0 = co (4.2).

as examples the ongoing CONNIE [24] and CONUS [25] experiments, which are using Si
and Ge targets, respectively. Both experiments have published first results, which however,
could not yet establish a significant measurement of CEvNS events.
Similar as above, we estimate the sensitivity of future reactor experiments by assuming
a determination of the weak charge. We define
s _ (Qdy —Q2)?

reac ~— 2
Oreac

7 (4.2)

where again we assume that the best-fit point is at Q%M and we adopt a measurement
uncertainty of oyeac/ Q%M = 5%. While this appears to be a rather optimistic assumption,
it serves to discuss the potential of a close-to-ultimate reactor measurement with respect
to the LM A-dark ambiguity.

In figure 7 we show the constraints from a reactor experiment in the plane of €/, and
€, for four values of 7). Since they are sensitive only to Q. the limits are vertical bands in
these plots. It is clear that for values of 7, for which the LM A-dark allowed region overlaps
with €], = 0 such a measurement will not be able to exclude it. This is indeed the case for
n ~ —20°, as shown in the bottom-right panel of figure 7.

This behaviour is confirmed in figure 8, where the sensitivity to exclude the LMA-dark
solution is shown as a function of . We observe that for —27° < n < —15° reactor experi-
ments can essentially not improve with respect to the present situation. Some improvement
is possible for n < —27°. However, at certain values of 7 in this region reactor experiments
lose their sensitivity. The origin of this effect for Si is visible in the upper-right panel of
figure 7: it happens that the allowed band for non-zero €, passes close to an island of the
regions allowed by oscillations + COHERENT. The spike of the Ge experiment in figure 8
has a similar origin.
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Figure 7. Same as figure 2 with sensitivity of the reactor experiments using Ge and Si overlaid
assuming a 5% measurement of the weak charge Qgy.

In figure 7 the off-diagonal NSI parameters are fixed at zero. If we would allow them
to vary freely, the region between the two vertical reactor bands would be filled, for a
similar reason as discussed in section 3 in the context of COHERENT. However, once the
constraints from oscillation data are applied, the result is practically identical to the fixed
case, cf. figure 8.

In figure 9 we show some examples, where the complementarity of reactor and stopped
pion source can be used to reach high significances. We combine a reactor measurement
using Si with several target materials at ESS. (Results for using Ge at the reactor are very
similar.) The ESS targets have been chosen such that by themselves they cannot reach 3o,
cf. section 4.1. We observe that the combination of reactor with Ar (Ge) at ESS allows to
reject LMA-dark at more than 40 (30). For the heavy targets Xe and Csl a small region
remains below 30 around n ~ —20°.

~15 —



COH.+ reactors + osc. (dark side)

w
o

[y
o
sl

\ —— COH.+0sc
_ 25—: —— +reactor(Si)
5 1 —— +reactor(Ge)
N= 2 J
%< 0: W »
= 40
|E 15
<
B

“\ 30
0

(6]
N

-40 -35 —-30 -25 -20 -15 -10 -5 O
niel

o

Figure 8. Sensitivity to exclude the LMA-dark solution by a hypothetical CEvNS measurement
at a nuclear reactor using a Si (red curves) or a Ge (green curves) target. In both cases we assume
a 5% measurement of Qgy. For dashed curves off-diagonal e’ 5 are fixed to zero, for solid curves
we minimize with respect to them. For 2 —33° the Si and Ge curves overlap.

30 1 ;
1 N == +reactor(Si)
] 4 - reactor+ESS(Ar)
25 ] — reactor+ESS(Ge)
= ] — reactor+ESS(Xe)
2 20 ] —— reactor+ESS(Csl)
R ]
£ 40
£ 151
|
= ]
= 101 3a
~ND 1
= ]
5]
0 - i

-40 -35 -30 -25 -20 -15 -10 -5 0
nl°]
Figure 9. Sensitivity to exclude the LMA-dark degeneracy by a hypothetical CEvNS measurement
at a nuclear reactor combined with ESS. The red-dashed curve corresponds to a Si target at a

reactor. For the solid curves we combine reactor (Si) with measurements at the ESS assuming Ar,
Ge, Xe, and Csl targets, see section 4.1 for details.

~16 —



5 Summary

In this work we have updated the status of the LMA-dark degeneracy due to new data
from the COHERENT experiment. We consider an NSI framework allowing for arbitrary
relative couplings to up and down quarks parametrised by an angle n. Our simplifying
assumptions are (i) that n is flavour independent and (ii) we assume that flavour off-
diagonal NSI coefficients are real, and (iii) we neglect NSI with electrons. We find that the
combination of data from oscillation experiments [33] with latest COHERENT results [20,
21] disfavours LMA-dark with respect to LMA-light with Ay? =5, i.e., at 2.20, thanks to
some complementarity in the latest CEvNS data on Csl and Ar. The degeneracy remains
below 30 in three islands in the parameter space, for n in the intervals [—35.9°, —31.3°]
and [—25.6°,—10.5°] and for flavour-diagonal NSI parameters of order one, see table 2.

We have investigated the potential of future CEvNS measurements to resolve the LM A-
dark degeneracy at high confidence level. As an example we consider possible experiments
at the ESS [23] and we compare different detector materials. We find that light targets,
with neutron-to-proton ratios ~ 1 are needed to exclude LMA-dark for all values of n. For
example, a measurement on a Si or CsFg target at the ESS, with a relative precision in
the 10% to 20% range would exclude LMA-dark with a Ax? = 16.1 and 13.0, respectively,
for arbitrary values of 7. For these target materials, already a rough measurement of
o/ Q%M ~ 50% will disfavour LMA-dark at Ax? > 9. In contrast, a Ge target would require
a precision below 10% as well as a partial separation of the v, and v, flux contributions to
the CEvNS rate to achieve a highly significant rejection of the degeneracy.

A CEvrNS measurement at a nuclear reactor will not be able to reject the LMA-dark
degeneracy for all values of 7, since only electron neutrinos are available at such a neutrino
source. The reason is that the solution around n ~ —20° is consistent with €], = 0 and
therefore predicts a CEvNS signal corresponding to the Standard Model at experiments
using only the electron flavour. However, reactor experiments can contribute in certain
target combinations of measurements at stopped pion sources to resolve the degeneracy.

The LMA-dark degeneracy implies a neutrino mass and mixing pattern qualitatively
different from the standard scenario. It makes the determination of the neutrino mass
ordering by oscillation experiments impossible and implies new physics contributing to
neutrino interactions of similar size as weak interactions. Resolving this degeneracy is an

essential prerequisite for neutrino physics to enter the precision era.
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