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In neutrino oscillation physics, numerous exact degeneracies exist under the name LMA-Dark. These
degeneracies make it impossible to determine the sign of Am% 1» known as the atmospheric mass ordering,
with oscillation experiments alone in the presence of new neutrino interactions. The combination of
different measurements, including multiple oscillation channels and neutrino scattering experiments, lifts
some aspects of these degeneracies. In fact, previous measurements of coherent elastic neutrino nucleus
scattering (CEvNS) by COHERENT already ruled out the LMA-Dark solution for new physics with
mediators heavier than M, ~ 50 MeV, while cosmological considerations disfavor these scenarios for
mediators lighter than M, ~ 3 MeV. Here we leverage new data from the Dresden-II experiment, which
provides the strongest bounds on CEvNS with reactor neutrinos to date. We show that these data
completely remove the degeneracies in the v, sector for mediators down to the MeV scale, at which point
constraints from the early Universe take over. While the LMA-Dark degeneracy is lifted in the v, sector, it
can still be restored in the v, and v, sectors, or with very specific couplings to up and down quarks, and we

speculate on a path forward.
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I. INTRODUCTION

The question about the sign of Am%l, the atmospheric
neutrino mass ordering—that is, whether the mass eigen-
state that has almost no v, is the lightest or the heaviest of
the three—is one of the few remaining unknowns in the
Standard Model (SM) of particle physics. A positive value
of Am3, results in a larger v, — v, appearance probability
and a smaller 7, — v, appearance probability at the first
oscillation maximum in matter. In addition, this open
question has additional important phenomenological impli-
cations in many areas beyond oscillation physics, such as
neutrinoless double beta-decay searches, beta-decay end-
point mass measurements, cosmological measurements of
neutrino masses, and the cosmic neutrino background.
While analyses of oscillation data have suggested that
the mass ordering is normal at the ~3¢ level [1-3], this
story has been somewhat complicated by the latest NOvA
and T2K data [4-8], which have weakened the evidence for
the normal ordering.
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In order to truly understand the neutrino oscillation
picture, one must consider many new physics scenarios
that modify oscillations [9,10]. The possible presence of
new physics in the neutrino sector, such as neutrino
nonstandard interactions (NSIs) [11,12], makes it impos-
sible to determine the mass ordering with oscillation
experiments alone. NSIs are a general effective field theory
framework of new interactions between neutrinos and
matter fermions such as up quarks, down quarks, and
electrons. These interactions act as an additional matter
effect in a new basis leading to distinct flavor effects.
Numerous UV-complete models with sizable NSIs exist in
the literature [13-20].

The difficulty in determining the mass ordering is due to
several exact degeneracies in the neutrino oscillation
Hamiltonian, which are often grouped under the name
LMA-Dark' [22-25]. Simply put, neutrino oscillations are
unchanged when adding new physics that changes the sign
of the matter effect, and simultaneously swapping the
atmospheric mass ordering. That is,

'"The name LMA-Dark comes from the large mixing angle
(LMA) solution to the solar neutrino problem, which is now
known to be the correct solution with ;, ~ 33°. The term dark
refers to the “dark™ side of the solution; either that 8,, = 57° or
that Am%1 < 0, depending on one’s choice of definition; see
Refs. [21,22].

Published by the American Physical Society


https://orcid.org/0000-0002-5209-872X
https://orcid.org/0000-0002-1235-0505
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.015022&domain=pdf&date_stamp=2022-07-22
https://doi.org/10.1103/PhysRevD.106.015022
https://doi.org/10.1103/PhysRevD.106.015022
https://doi.org/10.1103/PhysRevD.106.015022
https://doi.org/10.1103/PhysRevD.106.015022
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PETER B. DENTON and JULIA GEHRLEIN

PHYS. REV. D 106, 015022 (2022)

Pos(NO,L,E,p,e = 0) = P,4(10,L,E.p,e = =2),
Puy(I0,L.E.p.e = 0) = Pyy(NO,L.E.p.e = -2),

where P, is any oscillation probability from flavor a to
flavor S for either neutrinos or antineutrinos, NO (I0) refers
to the normal (inverted) atmospheric mass ordering, L is the
baseline, E is the neutrino energy, p is the density of matter
the neutrino is propagating through, and e is a particular
new physics parameter to be discussed in Sec. II below. No
other new physics scenario leads to this exact degeneracy
among all possible oscillation experiments.

Hence, the presence of new physics leads to an ambi-
guity in the determination of the neutrino mass ordering. As
oscillations are unable to identify the new physics asso-
ciated with LMA-Dark, one must look elsewhere—notably,
to scattering experiments, for which the NSI aspect of the
LMA-Dark solution can be ruled out, but only under certain
assumptions [26-28]. Since oscillation experiments are
only sensitive to forward elastic scattering effects modify-
ing the potential, they can only constrain € « ¢g°/M?, and
are not sensitive to the mediator mass.? Thus, from
oscillation data alone, the degeneracy persists for all
mediator masses. Neutrino scattering experiments do not
have the same degeneracy that oscillations do, but scatter-
ing experiments are only sensitive to NSI with sufficiently
heavy mediator masses, M2, > ¢*, where ¢? is the square of
the momentum transfer of the detection process. Thus, we
look to the lowest-threshold neutrino scattering experi-
ments to provide constraints on LMA-Dark.

Coherent elastic neutrino nucleus scattering (CEvNS) is
an essentially thresholdless channel which has been
detected in low-threshold experiments. The COHERENT
experiment was the first to detect CEvNS [36]. It makes use
of neutrinos from pion decay at rest and probes LMA-Dark
with mediator masses down to M, ~ 50 MeV [26,28].

In addition to neutrino scattering experiments, informa-
tion about the early Universe provides a probe of new light
particles. Data from the early Universe conservatively
disfavors mediators lighter than ~3 MeV [37-40]. This
leads to a currently allowed range of mediator masses of
3 MeV <M, <50 MeV for which large NSIs of a com-
parable size to the weak interaction are still viable. This
region can be probed by measuring CEvNS with a very
low-threshold detector at a reactor neutrino experiment
[28], a measurement a number of experiments are working
on [41-54]. In this paper, we will mostly remedy the
deficiency of unprobed LMA-Dark parameter space by
analyzing the latest data from the Dresden-II experiment

This statement does not apply to very light mediators
[Mz ~O(10~') eV] whose wavelength is of the order of the
depth the neutrinos penetrate the Earth [29-35]. In this case, the
neutrinos feel a depth-dependent potential due to the new
mediator.

[53], the first experiment that has evidence for CELNS with
reactor neutrinos, in the context of this degeneracy.

We begin this paper by discussing in detail the degen-
eracies related to neutrino oscillations and how they can be
broken in Sec. II. Next, we discuss the recent Dresden-II
data in Sec. III and show our numerical results in Sec. IV.
Finally, we discuss likely future improvements in Sec. V
and conclude the paper in Sec. VL.

II. LMA-DARK DEGENERACIES

There are a number of degeneracies related to what is
known as LMA-Dark, which leads to some confusion in the
literature. These degeneracies are exact in some contexts,
easily broken in some contexts, and only softly lifted in
others. The different degeneracies depend on whether
oscillations or a scattering process is considered, whether
the new physics depends on the mediator mass or not,
whether it depends on the specific quark couplings or not,
and whether it is in the v, sector or the v, and v, sectors. We
will first review them and present the entire picture here for
clarity. To begin, we write down the Hamiltonian governing
neutrino oscillations in the presence of NSIs:

. 0 0 0
H=5-1U 0 Am3, 0 |U!
0 0 Am
l+€e(3 €eﬂ €eT
t+a €en Cup Cuz | | (1)

621 6;‘[
where E is the neutrino energy, U is the lepton mixing
matrix [55,56], a = 2\/§GFN6E is the matter potential, G
is Fermi’s constant, N, is the electron number density, and
the €, terms quantify the magnitude of the NSI relative to
G, and the 1 next to €,, is due to the SM matter effect. The
Hamiltonian-level NSI parameters for oscillations are
related to the Lagrangian-level NSI parameters via

N, .
w= D, el (2)

fefeud; N

with the fermion matter density N ;. The typical effective
field theory description of NSI is

Lyst = =2V2Gr Y el 0ar' Pryg)(Fraf),  (3)

f.ap

where we have only included the vector component. Note
that we will differentiate between Lagrangian- and
Hamiltonian-level NSIs as described above by the presence
of a superscript or the lack thereof, respectively. For
oscillations, it is useful to define Y, = N, /N, which is
1.05 in the Earth and 0.30 in the Sun for the peak of the
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8B flux from the BSO5(OP) standard solar model [57]. In
the following, we will focus on the diagonal NSI param-
eters only; we will discuss the off-diagonal parameters at
the end of this section.

Now, we walk through the various degeneracies, how
they are broken, and how they are restored again, assuming
that experiments measure the SM.

(1) There is an exact degeneracy without new physics
referred to as the “dark side™ relevant for vacuum
oscillations [23]. That is, oscillations in vacuum
cannot distinguish between a given scenario and
another with*

2 2 2 2
Ams, — —Amj,, Amz, = —Amg,,

6 — =0, (4)

which is equivalent to sending the Hamiltonian
H,,. —» —H},., which should leave all physical
observables unchanged, assuming CPT invariance.

(2) Measurements of neutrino oscillations in matter
break this degeneracy. The Hamiltonian has the
matter potential as an additional term which does
not change sign along with the vacuum oscillation
parameters as described above. Therefore, the agree-
ment of the results from SNO (in matter) [58] and
the results from KamLLAND (in vacuum) [59] or pp
solar oscillations (in vacuum) [60-62] breaks this
degeneracy. It is only with the measurement of solar
parameters in the dense solar environment at SNO
that JUNO [63] or a combination of JUNO and
upcoming atmospheric disappearance data [64,65]
can measure the atmospheric mass ordering [66]
without an independent measurement of the atmos-
pheric mass ordering in matter; see the Appendix for
more discussion on JUNO. Alternatively, DUNE (in
matter) [67] can determine the atmospheric mass
ordering by combining the appearance channel with
the disappearance channel’s measurement of Am3,,
which is essentially unaffected by matter, or any
other measurement of Am3;.

(3) In the presence of NSIs, the degeneracy is exactly
restored for oscillations [24,25,68]. In the SM, the
matter effect does not change sign under CPT, but a
value of €, = —2 is exactly equivalent to the

3This is what spawned the name “LMA-Dark.”

Here we take the definition of the mass eigenstates based on
|Up| > |Ugs| > Uzl This leads to 6, < 45° by definition, with
the sign of Am%1 to be determined experimentally. Another
common definition of the mass eigenstates is m; < m,,
|U,.i| > |Ugzl, and |U,,| > |U,3|, in which case Am3, >0 by
definition, and the octant of 6}, is to be determined experimen-
tally. Different definitions of the mass eigenstates lead to different
definitions of the LMA-Dark degeneracy. For an overview of
these definitions, see Refs. [21,22].

necessary sign change. The other diagonal NSI
parameters must be zero at this point.

(4) For a given set of couplings to up quarks and down
quarks, precise measurements of €,, in different
materials, such as the Sun and the crust of the Earth,
can lift the degeneracy.

(5) If the degeneracy at €,, = —2 is present and the new
mediator is coupled to electrons or to a specific
combination of up and down quarks, elV = -4/3
and ef’ev = 2/3, then no combination of oscillation
experiments can break the degeneracy; see Fig. 1.

(6) Neutrino scattering experiments such as NuTeV,
CHARM, COHERENT, and Dresden-II (discussed
here in this context for the first time) do not suffer
from the LMA-Dark oscillation degeneracy, and
therefore they provide a probe of the NSI part of
the LMA-Dark parameter space [26-28].

(7) Constraints on LMA-Dark from scattering experi-
ments only apply if the momentum transfer in the new
interaction is larger than the minimal energy meas-
urable by the experiment in question [26,28,69]; this
puts alower bound on the mediator mass which can be
probed. Previously, COHERENT provided the low-
est-threshold constraint on the €, part of LMA-Dark
down to mediator masses ~50 MeV, for all relevant
combinations of ef’ev — eV [28,70], while new data
from Dresden-II presented in this paper constrain the

—5 0 5
u,V

666
FIG. 1. The parameter space of the various oscillation degen-
eracies in terms of couplings to electron neutrinos and up and
down quarks using the matter densities of the Earth and the Sun.
The two stars highlight the cases of no new physics and the point
that is fully degenerate among oscillation experiments in any
material.
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€., part of LMA-Dark down to ~1 MeV. Scenarios
with lighter mediators are not constrained by scat-
tering.

(8) Early-Universe measurements constrain mediators
lighter than ~3 MeV for couplings corresponding to
LMA-Dark [37,38,40]. Provided that scattering
experiments can reach this scale, the degeneracy
can be lifted for any mediator mass.

(9) The diagonal degeneracy of the oscillation Hamil-
tonian allows one to slide the oscillation degeneracy
into the €, and €., terms [28], as one can subtract one
diagonal element of the Hamiltonian, making a
measurement of €,, from Dresden-II or any reactor
neutrino experiment powerless, which leads to the
COHERENT data being the most sensitive to con-
strain this case. That is, €¢,, = —2 is equivalent, in
oscillation experiments, toe,, = Oande,, =€, =+2.
This can be parametrized by x via

(eeeveﬂwer‘r) - (x_z’x’x)' (5)

(10) As oscillation experiments are only sensitive to the

difference €,, — €., to rule out LMA-Dark in the

muon and tau sector, one is required to constrain
€y = € = 2 for small mediator masses down to
Mz 2 3 MeV in scattering experiments. COHER-
ENT already rules out the LMA-Dark solution for
any values of x from Eq. (5) for M = 50 MeV [71].
There is no source of low-energy tau neutrinos at
scattering experiments which allows us to probe €.
(11) A low-threshold n-DAR measurement of CEvNS,
such as with the Coherent CAPTAIN Mills experi-
ment [72] or a CEvNS experiment at the European
Spallation Source [70,73] could probe ¢,, for low
enough mediator masses and therefore cover all of

the above cases [74].

The current status of the LMA-Dark degeneracy is that,
with this current paper, all of the above steps are satisfied
through point 8 above, and thus the degeneracy sits at point
9:¢,, = €;; = 2is allowed for some mediator masses in the
range 3 MeV < M, <40 MeV. In addition, not all of the
degeneracy discussed in point 5 above is lifted; that is,

certain combinations of €%’ and eé’;;v are still allowed
at M, ~3 MeV.

There are several caveats to this narrative. In point 2
above, we note that it may be possible for DUNE to
measure the mass ordering using the matter effect with the
neutrino and antineutrino appearance channels alone
depending on the quality of the measurement across the
first oscillation maximum.

In point 5, we mention that the new interaction can be
with electrons in addition to up quarks or down quarks.
NSIs with electrons required for the LMA-Dark degeneracy
are constrained by Borexino [60,75] as well as TEXONO,
CHARM-II, and GEMMA data [76-79] at a level low

enough to reach the cosmology constraints. If the coupling
to electrons is only with v, and v,, then parameter space
still exists.

We note that in point number 6 where we introduced
scattering experiment to help break this oscillation degen-
eracy. Scattering experiments often come with their own
degeneracies—see, e.g., Refs. [28,75]. As they are quite
distinct from the NSI parameters required for LMA-Dark,
they are already comfortably probed by oscillation
experiments.

In point 10, we emphasize that to address the diagonal
degeneracy along with the primary LMA-Dark degeneracy,
we need information on €, rather than e,,. We clarify that
while N% of SNO’s neutral current data set of solar
neutrinos is composed of v,, the deuterium scattering
process is dominated by the axial-vector current, which
we have taken to be zero in our model to focus on the vector
part, which dominates for oscillations. SNO’s elastic
scattering data also contain some v,, but this channel is
a charged-current process.

One must examine very low mediator masses, below
which the early-Universe constraints may no longer apply.
Depending on the assumptions about the relative strength
of the coupling between the new mediator and quarks
versus neutrinos, this constraint likely weakens around
M, ~ 10 keV based on BBN measurements [38]. While
this analysis is agnostic about the UV-complete model to
generate the NSI, it is typically expected that the coupling
to neutrinos will be larger than that to quarks. Thus, for this
discussion, we conservatively assume that the quark and
neutrino couplings are the same. However, if the coupling
of the mediator to the SM is sufficiently large, the new
mediator will thermalize with the SM and contribute to the
effective degrees of freedom of the Universe [80], which
excludes mediators below ~10 MeV. According to
Ref. [37], the constraint from AN, measurements with
the CMB rules out all mediators M, < 5.3 MeV. Indeed,
depending on the combination of cosmological data, the
constraints vary within Mz = 3.1-10.1 MeV at a
954% C.L. 26 at 1 d.o.f.), [40] where the weakest
constraint of M, = 3.1 MeV comes from BBN only. We
will conservatively use the weakest constraint only,
although our narrative would not change if we used the
strongest constraint cited at 10 MeV.

There is also an additional caveat to the above narrative,
indicated in Fig. 1. In general, the new mediator does not
need to have equal couplings to up and down quarks,
eV — bV Depending on the UV-complete NSI model,
other combinations are possible. To make ensure that
LMA-Dark is fully ruled out, all combinations of eV
and €% need to be constrained. Without precise measure-
ments of oscillations in both the Sun and the Earth, we can
see in Fig. 3 that a sizable allowed region will extend to the
part of parameter space where eZ'eV ~ =5 and ef’ev ~ 5, even
when including scattering data. To address this, scattering
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data with different nuclei are needed, as the neutron fraction
weakly affects the slope of the constraining region. See also
Fig. 7 below.

Finally, this whole narrative relies on the assumption that
all experiments are consistent within a standard three-flavor
picture and are compatible with all ef;ﬁv = 0. If diagonal
parameters are found to be nonzero in a way that deviates
from Eq. (5), then the LMA-Dark solution is immediately
lifted, although this cannot be done with oscillation data
since it is a degeneracy; it could only be lifted in this way
from scattering data. Moreover, measuring one diagonal
NSI parameter is not sufficient; two or three must be
measured. For the off-diagonal NSI parameters, if they are
nonzero and real (see, e.g., Refs. [7,8,81,82] for hints of
this in long-baseline data’), then the entire degeneracy
is also solved, and additional new physics cannot imitate
other scenarios with the wrong mass ordering. This
explains the slight preference from LMA over LMA-
Dark in a recent global fit to oscillation data [81], as the
data slightly prefer €,, # 0, although in Ref. [81] only real
NSIs are considered.

III. SCATTERING DATA

Constraints on LMA-Dark come from measurements of
neutrino scattering—in particular, the important constraints
for light mediators come from CEvNS experiments. This
process was first observed by COHERENT using neutrinos
from pion decays at rest [83], which disfavored LMA-Dark
for mediator masses above ~50 MeV [28]. To constrain
lighter mediators, lower-threshold detectors need to be
used. As the volumes of such detectors are considerably
smaller than the already fairly small COHERENT detec-
tors, neutrinos from nuclear reactors are used to provide
large statistics. In the following, we will investigate the
recent measurements from the Dresden-II reactor experi-
ment [53,84], which presented suggestive evidence for the
observation of CEvNS.

The cross section for CEvNS is given by [85]

d G% Q?,
Oy _ ~F wa(Q) F2(2MER)M 72—
dE, 27 4

where G is the Fermi constant, Ej is the nuclear recoil
energy, F(q?) is the nuclear form factor, M is the mass of
the target nucleus (Ge in this case), and E,, is the incident
neutrino energy. The weak charge in the presence of NSI is
given by6

*Interestingly, the hints for nonzero NSI in long-baseline data
prefer purely complex off-diagonal values [7,8], which do not lift
the degeneracy much.

In principle, flavor-changing NSI parameters ef;ﬁv could also
be present; however, we assume them to be zero, as otherwise the
LMA-Dark solution is not present.

= [Zg] + Ngy +3(N + 2)elid ()], (7)

where we have assumed that eé‘,‘av = eg’av, which we call

el . Here, N and Z are the number of neutrons and protons
in the target nucleus, which we take as (N,Z)=
(40.65, 32) for Ge, corresponding to the weighted average
of natural isotopic abundance. The SM couplings of
the Z boson to protons and neutrons at low energies are
given by [86]

1
9p = PN <§ - 2’<§%> + 24,1 + 2Aur + Aar + Aar,
1
gy = p{j’,& + Aur + Aur + 201 + 245, (8)

e

with pN¢ =1.0082, 3% = sin?0y, = 0.23129, k = 0.9972,
Ayt = —0.0031, Ay = —0.0025, Ayg = 24,z = 7.5 x 107,
Since g} ~—0.5, certain values of positive eé;,v =
—2(gnN +gyZ)/(3(N +Z)) lead to degenerate points
with the SM [26], although these degeneracies are different
from those in oscillations and are thus already constrained,
as mentioned above.

The nuclear form factor F(g*) depends on the nuclear
density distribution and is related to the physical size of the
nucleus. It accounts for loss of coherency at higher values
of momentum transfer. For small momentum transfers, as is
the case for reactor neutrinos, F~1 to a very good
approximation. The new physics contribution to the weak

charge in Eq. (7) is governed by el

M2
é&v _ 9v,9f _ gg&v 0)— 2 __ o
2V2Gp(q* + M2) ©) q* + M2, ©)

with eé;,V(O) being the NSI parameter in oscillations
for ¢ =0 and g;/, the coupling of the mediator to
fermions and neutrinos.

The constraints from the recent Dresden-II data on new
physics scenarios have been analyzed in Refs. [87-90]. We
translate the results from Ref. [89] to arrive at the excluded
regions in the /|g,g, | — M parameter space. To quantify
the dependence of the results on the quenching factor, the
relation between nuclear recoil energy to electronic recoils,
the results are derived for two different quenching factors: the
first is based on a quenching factor determined using iron-
filtered monochromatic neutrons provided in Refs. [53,91],
and the second is based on a modified Lindhard factor [92]. In
the following, we will always use the more conservative
results, which come from the modified Lindhard factor.

"We are focusing here on vector NSIs for comparison to
oscillation degeneracies. Notice that with reactor neutrinos, we
are only sensitive to @ = e.
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IV. RESULTS

In Fig. 2, we show the constraints from the Dresden-1I
data reinterpreted from Ref. [89] along with the LM A-Dark
solution from Ref. [81] in the \/|g,g, | — Mz plane for
949, < 0. We see that independent of the quenching factor,
the LMA-Dark solution is excluded by the Dresden-II data
at more than 36 (2 d.o.f).

In Fig. 3, we show the preferred regions from the
Dresden-1I data in the eZ’eV—e‘Z'eV plane along with the
preferred region from a global fit to oscillations, adapted
from Ref. [81]. For the Dresden-II region, we fix the
mediator mass to M, = 3.1 MeV, corresponding to the
lightest mediator mass allowed by cosmology [40]. We also
briefly comment on the oscillation global fit preferred
regions. First, we note that for sufficiently large values of

|€Z;,V|, both the LMA and LMA-Dark regions from oscil-
lations taper off and are closed. Second, we see various
spikes corresponding to different slopes coming from
different neutron fractions. The spike at the Earth’s neutron
fraction is due to a small amount of the information of the
matter effect coming from NOvA and T2K at two different
densities (see Ref. [93]), but mostly from the day-night
effect of solar neutrinos in the Earth combined with
KamLAND measurements in (near) vacuum. There is also
some information about the matter effect coming from
combining regular solar neutrino measurements and
KamLAND at two different neutron fractions; see
Fig. 1. Finally, we comment on the spikes in the LMA
region in the eﬁl‘ev > 0-€Z’ev < 0 quadrant. By comparing
Fig. 3 with Fig. 1, we can see that these spikes occur at the

1074 F

Disfavored by
cosmology

Dresden—II
= mod. Lindhard QF
m Iron QF
10—6 s s s L s s s s
1 2 5 10 20 50
Mz [MeV]

FIG. 2. The exclusion bounds on the coupling of the NSI
mediator to v, and quarks over the mediator mass from
Dresden-II data translated from Ref. [89]. We require g, g, < 0,
the curves are drawn at 3¢ (2 d.o.f.), and the two different shades of
purple correspond to two different quenching factors. The black
band corresponds to the LM A-Dark solution to oscillation data at 3¢
(1 d.o.f.) from Ref. [81]. We assume e?gv = ef‘ev. Additional
constraints from COHERENT and other higher-energy scattering
experiments are only relevant for larger couplings. The cosmology
constraint is shown in gray on the left at 20 (1 d.o.f.) [37].

10 - ;

- Current Osc
Bl Dresden-1I @ 3.1 MeV

b
>
ﬁ:ug 0
-5
. 10 1 i 1
—10 -5 0 5 10
u,V
€ee
FIG. 3. The same as Fig. 1, including the allowed regions from

oscillations at 3¢ (1 d.o.f.) adapted from Ref. [81] in orange; see
text for details. In blue, we show the constraints calculated in this
paper from the Dresden-II data at 3o (1 d.o.f.) for mediators with
mass Mz = 3.1 MeV, the lower limit from cosmology.

slopes for the Earth and for the Sun. Thus, in that direction as
well, we can again see clearly that there is some information
on the matter effect coming from both experiments in the Sun
and in the Earth. We also note that both regions are not
centered exactly on the SM and the fully degenerate point;
this is because of the slight tension between solar neutrino
data and KamLAND® in Am3,. This solar tension can be
explained with €,, ~ 0.1 in the Sun [94], which is both far
away and in the opposite direction from the NSI required for
LMA-Dark of €¢,, = 2.

From Fig. 2, we see that with the Dresden-II data, the
LMA-Dark solution in the v, sector only is ruled out for equal
up- and down-quark couplings. This, however, leaves the
possibility open that LMA-Dark is realized in the v, and v,
sectors. To quantify how much of the LM A-Dark degeneracy
is in the v, sector versus the v, and v, sectors, we use the fact
that the SM oscillation probability in matter is unchanged by
any contribution to the Hamiltonian proportional to the
identity matrix [28]; see Eq. (5) and zero off-diagonals. In
Fig. 4, we show the constraint on x as a function of the
mediator mass coming from COHERENT-CsI data [28], the
Dresden-II data, and the constraint on the mediator mass
from cosmology. This shows the picture if oscillations
measured exactly the standard picture with arbitrary preci-
sion in both the Earth and the Sun. While COHERENT rules
out mediator masses M, = 20-60 MeV, the Dresden-II

*Newer data from Super-KamiokaNDE somewhat alleviate
this tension, but they are not included in the fit [3] that went into
Fig. 3.
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80

60 COHERENT
Dresden—II
cosmology

40

My [MeV]

20

90.5 0.0 0.5 1.0 1.5 2.0 2.5
X

FIG. 4. Constraints on x, which parametrizes whether LMA-
Dark is in the v, sector (x = 0) or the v, and v, sectors (x = 2);
see Eq. (5). The COHERENT (green, Csl data reanalyzed from
Ref. [28]) and Dresden-II (blue, derived in this paper) constraints
are at 30 (2 d.o.f.). The gray region shows the mediator masses
ruled out by cosmology at 2¢ (1 d.o.f.) [37].

constraints extend to lower mediator masses such that x <
1.9 and x = 2.2 are excluded for all mediator masses. This
leaves only the narrow region of x € [1.9,2.2], where the
LMA-Dark solution is mainly in the muon and tau sector
instead of in the electron sector, for light mediator masses
My, € [3.1,15] MeV which are not probed yet and the
mediator masses for which COHERENT is not constraining
due to degeneracies in the CEUNS cross section around
My, € [30,40] MeV. In fact, from Fig. 5, we see that for
e{;v with e‘,’:,’,v = e{;v =0, the LMA-Dark region is fully
excluded with Dresden-II data, which only leave the allowed

80 —
m oscillations
‘ m COHERENT
60 @ Dresden—II
m cosmology
=
3
= 40
N
=
20
0
-1.0 -0.5 0.0 0.5 1.0
e =
FIG. 5. Constraints on €%’ = €% and the mediator mass M 7

at 30 (2 d.o.f.), assuming e,’;,‘,v = ¢/;¥ = 0. The blue regions are
excluded by the Dresden-II data, the green regions by COHER-
ENT-CslI (reanalyzed from Ref. [28]), and the gray region by
cosmology. The orange regions are excluded from oscillation data
which leave only the LMA and LMA-Dark regions as allowed
parameter space. The COHERENT constraints for ef;v > (0 are
weaker than the oscillation constraints and are therefore covered
by them in the plot.
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FIG. 6. The same as Fig. 5, but for ef:,’,v =, assuming
el = 0. As there is no constraint on e,f,’,v or el;¥ for mediator
masses below 50 MeV, parts of the LMA-Dark region are still
allowed, indicated by the white regions on the right of the figure.

region between = [-0.05,0.2], where the constraints
from scattering data are even more constraining than the
oscillation constraints alone. The situation is different
assuming el =0 and 6{th = ¢l;¥ #0, shown in Fig. 6.
In this case, no constraints from Dresden-II apply, so that
generally only mediator masses above 50 MeV are con-
strained by the COHERENT-CslI data. This leads to parts of
the LMA-Dark solution still being allowed for M, <
50 MeV in the region where the effects of NSI in the
scattering cross section are degenerate with the SM and
below M, <20 MeV, where COHERENT loses sensitivity.
In fact, even with hypothetical high-precision COHERENT
data, the lower green band on the right of Fig. 6 would stretch
down, but the gap between the two bands would persist, since
the couplings g,, g, have the same sign; this region could be
covered with different target nuclei with significantly differ-
ent neutron fractions. Nevertheless, for the LMA region and
M, z 20 MeV, scattering data lead to tighter constraints on
the NSI parameters than oscillation data only.

To summarize our results, with the latest Dresden-II data,
there are now only two ways to achieve the LMA-Dark
degeneracy which allows for an incorrect mass ordering
determination:

(1) The new physics is in the v, sector via €,,, with very
specific couplings to up and down quarks given by
the overlapping regions in Fig. 3. In this case, the
mediator must be lighter than ~50 MeV, as CO-
HERENT has already ruled out heavier mediator
masses for all combinations of up- and down-quark
couplings [28,70].

(2) The new physicsisinthe v, and v, sectors with similar
or equal couplings. In this case, the mediator needs to
be lighter than ~40 MeV for et = el = &V =
ef;v; see Fig. 6. For some combinations of up- and
down-quark combinations, NuTeV data for M, =
10 GeV provide the only constraint [26].

015022-7



PETER B. DENTON and JULIA GEHRLEIN

PHYS. REV. D 106, 015022 (2022)

V. THE FUTURE

In the future, improvement on resolving the LMA-Dark
degeneracy will come on the oscillation side by improving
the constraint on €,,. This will predominantly come from
improvements in the comparison of Am3, between vacuum
measurements (by KamLAND [59] and JUNO [63] in the
future) and solar experiments (SNO [58], Borexino [60],
and SK [95], as well as DUNE in the future [67,96]). As the
measurement by JUNO will be extremely precise, we focus
on the precision of the solar measurement from DUNE. To
a very good approximation, the precision on €,, in the Sun
is the same as the level of agreement on Am3,. From
Ref. [96], DUNE will measure Am%1 with a precision of
6%, while JUNO will measure Am3, much better at the
subpercent level [63]. As DUNE’s measurement comes
predominantly from the day-night asymmetry, the relevant
neutron fraction is that for the Earth, ¥, ~ 1.05.

In addition, DUNE can measure the density of the Earth
with ~25% precision at 1o [97], which means that DUNE
will measure €,, with ~25% precision. The effect of this
and DUNE’s solar measurement are shown in Fig. 7.
DUNE also has some sensitivity to €,, in the Earth [98]
via low-energy atmospheric neutrinos [67,99].

Finally, combining measurements of CEvNS in materials
with different neutron fractions [28,86,101-104] will also

10 . ; .
[; Current Osc
BN | Dresden-1I @ 3.1 MeV
s DUNE LBL
5t B - DUNE Solar |
N mass ordering
Y correctly identified
=3 [ SR, | RRR—E S A L]
w incorrec:ly identified
_5 - 4
_ 10 1 i 1
—10 -5 0 ) 10
6u,V

ee

FIG. 7. The same as Figs. 1 and 3 at M = 3.1 MeV, but with
anticipated improvements from future measurements of oscilla-
tion data from DUNE; see text for details. The red region in the
lower-left half-plane shows the values of NSI parameters where
the mass ordering is incorrectly identified, and the green region
shows where the mass ordering can be correctly identified. Note
that even with future measurements of the matter effect from
DUNE solar and long-baseline accelerator data, a small brown
sliver still exists in the LMA-Dark region which is ruled out for
much heavier mediators [25] by CHARM data [100], not shown.

help in lifting the degeneracy, as the slope of the CEvNS
constraints in the e‘g"gv-ef'ev plane depends on the atomic
number and the number of neutrons of the detector material
as (2N + Z)/(2Z + N). This will lead to a narrowing of the
allowed regions from scattering experiments. Depending
on the precision of these experiments and the exact targets
used, this can rule out the remaining sliver in the top-left
region of parameter space of Fig. 7 for certain combinations
of up and down quarks. For heavy mediators 210 GeV, data
from CHARM [100], in combination with oscillation data
and Dresden-II, rules out the LMA-Dark values for any
combination of up- and down-quark couplings [25,26]. We
note that the best experiments to probe the remaining region
of parameter space for lighter mediators are CEvNS experi-
ments with small neutron fractions and thus smaller atoms,
although these do not benefit from the N? enhancement of
CEwNS as much, making such a detection more challenging.
Possible experiments for this are the NUCLEUS experiment
using silicon and germanium detectors at a reactor [47] or a
silicon detector at the ESS [73].

To be able to fully rule out the LMA-Dark solution and
guarantee that upcoming oscillation experiments can unam-
biguously measure the mass ordering, LMA-Dark also
needs to be ruled out in the v, and v, sectors as well as in
the v, sector for very specific values of the up- and down-
quark couplings. Future low-threshold z-DAR experiments
like Coherent CAPTAIN Mills [72] or at the ESS [70,73]
can probe € down to low mediator masses, and the ESS
could feature a silicon detector with a favorable (small)
neutron fraction to address the specific couplings to up and
down quarks. Also, multiton-scale dark matter experiments
can probe NSI as it affects the neutrino floor [105].
Even though we cannot probe ¢, directly with low-
threshold scattering experiments [106],° the requirement
of the LMA-Dark solution for equal ¢,, and €,, means that

constraining only ¢, is sufficient.

VI. CONCLUSIONS

Measuring the neutrino mass ordering is one of the main
goals of upcoming neutrino experiments. To ensure that
this measurement can be unambiguously interpreted, any
new physics effects need to be excluded. In particular,
oscillation experiments suffer from the LMA-Dark degen-
eracy, where the simultaneous change of the sign of the
atmospheric mass splitting and the introduction of new
neutrino interactions leave the neutrino evolution invariant.

Scattering experiments,—in particular, CEUNS experi-
ments—break this degeneracy and provide valuable
insights into the existence of new neutrino interactions.
However, in general, they are only sensitive to mediator
masses which exceed the momentum transfer of the
process, which up to now restricted the constraints to

°An exception is CEvNS with solar neutrinos, as the neutrinos
leave the Sun in a mass eigenstate which contains v,.
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mediator masses to above 50 MeV. In this paper, we have
made use of the first CEvNS data using reactor neutrinos,
which allows us to place constraints on lower mediator
masses down to the few-MeV level, below which constraints
from the early Universe apply. With these results we have
ruled out the LMA-Dark solution in the electron neutrino
sector except for very specific combinations of up- and
down-quark couplings. This means that the only possibility
for which oscillation experiments cannot unambiguously
measure the mass ordering is due to new physics in the v, and
v, sectors with a mediator mass in the small region between
~3 MeV and ~50 MeV coupling to electrons or specific up-
and down-quark couplings, or for new physics in the v, sector
with very specific couplings to up and down quarks. These
regions can be probed by the upcoming Coherent CAPTAIN
Mills experiment or a CEvNS detector at the European
Spallation Source, which benefit from having v,’s and also a
different neutron fraction from Dresden-II. Our results
therefore solidify the possibility for a robust determination
of the neutrino mass ordering by upcoming oscillation
experiments such as DUNE, JUNO, and others.
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APPENDIX: THE NECESSITY OF SOLAR DATA
FOR JUNO’S ATMOSPHERIC MASS ORDERING
DETERMINATION

JUNO will have sensitivity to the atmospheric mass
ordering. However, regardless of the precision of the
experiment, which depends on subtle experimental details,
input from solar experiments is required for a determination
of the atmospheric mass ordering. This argument follows
from two distinct steps, both involving different measure-
ments that will come from JUNO (one of which also came
from KamLAND), as well as data from solar experiments.

First, JUNO needs to know'’ if 61, < 45° or > 45°. This
can be see theoretically in that measurements of solar

' Alternatively, depending on one’s definition of |v;) and |v,),
this is the statement that JUNO needs to know if Am3, is positive
or negative.

0.7

—— NO, %, =0.31
—— 10, 52, =0.31
0.1 == NO, 52, = 0.69
\LAZ?Z\ 1:“2‘5 x 1073 eV?2 === 10, s, =069
< 1 1 1
2 3 4 ) 6
E [MeV]

0.0

FIG. 8. The disappearance probability for JUNO-like param-
eters. We see that if we do not know the octant of 6,,, then both
atmospheric mass orderings are truly identical regardless
of the experimental sensitivity. Since solar data tells us that
s%z ~0.31, we know that we are in either the blue or the orange
case, and thus JUNO can differentiate between the two mass
orderings.

parameters in reactor experiments such as KamLAND and
JUNO are only sensitive to sin’>26;, and thus cannot
differentiate between these two cases. Meanwhile, ®B solar
data from SNO, SK, and Borexino, as well as other
experiments such as Homestake, is sensitive to sin’ 0,
and thus tells us which octant 8, is in—in particular, that it
is in the lower octant.

Second, knowing the octant of the solar mixing angle is
necessary to determine the atmospheric mass ordering at
JUNO. This is because JUNO will observe both atmos-
pheric frequencies Am3, and Am3, and determine which is
larger, thus telling us which mass ordering is correct.
Identification of the two mass orderings is only possible
because the prefactor governing the size of the oscillations
is proportional to s}, ~1/3 for Am3, and ¢?, ~2/3 for
Am3,. If we only knew the value of sin? 26,,, which is the
case without solar data, then we could swap ¢?, and s?, and
still get the same fit to reactor data. This statement is exact
at the probability level and thus is independent of any
experimental details.

This is explicitly shown numerically in a full three-flavor
calculation in Fig. 8.
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