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Nonstandard interactions from the future neutrino solar sector

P. Martinez-Miravé®, S. Molina Sedgwick®,” and M. Tértola®”*

Departament de Fisica Teorica, Universitat de Valencia, and Instituto de Fisica Corpuscular,
CSIC-Universitat de Valencia, 46980 Paterna, Spain

® (Received 15 November 2021; accepted 14 January 2022; published 2 February 2022)

The next-generation neutrino experiment JUNO will determine the solar oscillation parameters—

sin” @, and Am3,—with great accuracy, in addition to measuring sin® 6,3, Am3,, and the mass ordering. In
parallel, the continued study of solar neutrinos at Hyper-Kamiokande will provide complementary
measurements in the solar sector. In this paper, we address the expected sensitivity to nonuniversal and
flavor-changing nonstandard interactions (NSI) with d-type quarks from the combination of these two
future neutrino experiments. We also show the robustness of their measurements of the solar parameters
sin? @}, and Am3, in the presence of NSI. We study the impact of the exact experimental configuration
of the Hyper-Kamiokande detector, and conclude it is of little relevance in this scenario. Finally, we find
that the LMA-D solution is expected to be present if no additional input from nonoscillation experiments

is considered.
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I. INTRODUCTION

The three-neutrino oscillation picture is well established
from long-running studies of solar, reactor, atmospheric
and accelerator neutrinos. This quantum phenomenon can
be parametrized in terms of two mass splittings (Am3, and
Amj3,), three mixing angles (0),, 6,3, and 6,3) and a phase
accounting for CP nonconservation (6-p). Measurements
of these parameters are now entering a precision era, with
three of them (Am3,, 6, and 6,3) already unambiguously
determined to the percent level [1-3]. Our knowledge is
based on the complementarity between experiments,
which has also helped to shed light on two remaining
open issues—the octant of 6,3 and the mass ordering (in
other words, the sign of Am3,). Nonetheless, there is a
tension between recent results from T2K and NOvA on the
value of d.p for the preferred mass ordering [4,5]. These
and other open questions will be addressed in both current
and next-generation neutrino experiments [6-9].

The discovery of flavor oscillations provided the first
clear evidence that neutrinos are massive particles and as
such, that the Standard Model (SM) as it stands is not
enough to explain the nature of particle physics in its
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entirety, as it does not provide a clear mechanism for the
origin of their mass. A viable dark matter candidate has also
yet to be found, though its nature and potential connection
to neutrinos is a matter of extensive study.

Many extensions of the SM which attempt to address these
unsolved puzzles share a common feature: the emergence of
effective nonstandard interactions (NSI) between neutrinos
and SM fields [10-13]. If such interactions were strong
enough with respect to those in the SM, they would be
detectable in neutrino oscillation and neutrino scattering
experiments. In general, nonstandard interactions can be
divided into charged-current NSI (CC-NSI) and neutral
current NSI (NC-NSI). While CC-NSI are only relevant in
neutrino production and detection processes, NC-NSI can
affect neutrino detection as well as their propagation in
matter. In addition, nonstandard interactions provide addi-
tional sources of CP violation, a topic that has been the
subject of renewed attention following the recent tension in
measurements carried out by NOvA and T2K [14,15].

So far there has been no evidence for the existence of
NSI and, therefore, we have only upper bounds on the
strength of these new interactions coming from different
types of experiments (for a comprehensive review on the
status of NSI we refer the reader to Ref. [13]). Further
improvements in the constraints on NSI are expected from
the next generation of oscillation experiments, since they
will be sensitive to subleading effects. In the short-term, the
medium-baseline reactor experiment JUNO [16] will mea-
sure the oscillation parameters of the solar sector €, and
Am3,, together with Am2,, with unprecedented accuracy
[17,18]. In parallel, the Hyper-Kamiokande detector [19]
will study the high-energy spectrum of solar neutrinos with
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a vastly increased statistical power with respect to its
predecessor, Super-Kamiokande [20]. The complementar-
ity of solar and long-baseline reactor experiments has been
shown to successfully curtail the existence of nonstandard
interactions in the past [21-25] and it will continue to be
explored in the future.

In this paper, we address the expected sensitivity of
JUNO and Hyper-Kamiokande to NC-NSI with d-type
quarksl and test the robustness of their measurements of
solar oscillation parameters in the face of NSI. In Sec. II,
we introduce the effective formalism used to parametrize
NSI and how it translates to an effective two-neutrino
approach. In Secs. III and IV, the methods used in the
simulation of both Hyper-Kamiokande and JUNO are
explained in detail, and their individual sensitivities in
the absence of NSI are examined. In Sec. V, the sensitivity
of each experiment to NSI is presented, as well as the
expected results from the combination of both experiments.
We also comment in this section on the status of the
so-called LMA-D solution [21], based on neutrino oscil-
lation experiments alone. Finally, our main conclusions are
summarized in Sec. VI

I1. NSI AND THEIR IMPACT ON NEUTRINO
OSCILLATIONS

A. General formalism

Nonstandard interactions can be studied within the frame
of effective field theories through their parametrization in
J

H = H,c+ Vsm + Vst

| 0 0 0
=Ugz |0 Am}, 0 |UT+V2G,|N,
0 0 Am%1

Here, the lepton mixing matrix follows the usual para-
metrization U = Up3U3U , and N is the number density

"The result for u-type quarks can be adapted by correcting the
different fraction within the Sun. For electrons, however, the
analysis would be more complex, since NSI would also affect
the neutrino-electron scattering detection process in Hyper-
Kamiokande and, therefore, axial NSI couplings would need to
be considered as well. A complete analysis—including flavor-
changing as well as nonuniversal vectorial and axial NSI couplings
with electrons—would reach a considerable level of complexity
and the large number of degrees of freedom would result in poor
sensitivity to individual NSI couplings. In addition, the study of
NSI with electrons is less phenomenologically interesting than that
of NSI with quarks, since the degenerate LMA-D solution is
completely excluded in the former due to the larger values required
for nonuniversal NSI couplings.

terms of four-fermion operators. In the case of NC-NSI, the
effective Lagrangian reads

LncNst = _2\/EGF€£;(<DG}/MPLV,&)(.]_[yﬂPXf)’ (1)

where G is the Fermi constant and the sum over the
chirality of projectors (X = {L,R}), matter fields
(f = {e,u,d}), and flavors (a,p = {e,u,7}) is implicit.
The dimensionless coefficients 85;( quantify the strength of
NSI with respect to SM interactions. Lepton flavor is not
conserved in the presence of nonzero eéjf coefficients with

a # p, whereas in the case of 8,7;55 - 8};;; # 0, NSI do not

respect lepton flavor universality. Consequently, inter-
actions are often classified into one of two categories:
flavor changing NSI and nonuniversal NSI, respectively.

In expression (1), the interactions can be projected
onto the vector (V) and axial (A) components instead,
so that a; = 85;; + 6{,5 and a’; = 3(/;; - 8(};5 This para-
metrization is particularly convenient when studying the
impact of NSI on neutrino oscillations, since propagation is
only affected by the vectorial component of interactions.
Then, the Hamiltonian describing neutrino oscillations is
given by the sum of the vacuum Hamiltonian (H,,.) and the
effective potentials due to both standard matter (Vgy) and
NSI (Vsp):

1 00 A VA
00 0|+ > Ne|efl &y &Y || (2)
0 0 0/ [freud

el el e

of the matter fields f = {e, u, d} in the medium, which is
assumed to be electrically neutral and unpolarized.

B. Effective two-neutrino approach

In the absence of NSI, the evolution of solar neutrinos
within the Sun and through the Earth satisfies the condition
V2GN, < Amj, /2E < |Am3,|/2E, with 0,5 < 1. This
means neutrino oscillations can be studied using an
effective two-neutrino approach, where the evolution of
a third eigenstate decouples from the other two. This also
applies to the evolution of solar neutrinos in the presence
of NSI, where the effective potential Vg is of the same
order as the standard effective potential in matter, Vqy.
Under this approximation, the survival probability for
electron neutrinos is given by [26,27]
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P,, = cos* 03P + sin* 05, (3)

where the effective survival probability P2% is calculated from the two-neutrino effective Hamiltonian

sz_Amgl —cos20, sin26,,
 4E

sin26;, co0s20,

2G 20N N s
) +\/_ F|:COS 13 e(o 0) ‘*‘f%ﬂ f(e} 8/f>:|

(4)

describing the evolution of the state v = (v,, v, )", with v, being a mixture of v, and v, in the presence of NSI. The effective
NSI parameters &, and &', account for flavor-changing and nonuniversal NSI, respectively. They are related to the NSI
parameters introduced in Eqgs. (1) and (2) in the following way [21-23,28]:

. il v % v v ~
ep = sin B3¢ [sin’Ozely — cos’Orzet’ + (el — el ) cos B3 5in 03]

+ cos 0,3(cos 9235{:{ —sin 92362/)

and

¢'; = 2cos 05 sin §;3Re[er (cos 0r5L) + sinOyely )] — 2(1 + sin260,3) cos B3 sin Oy3Relely |

+ £l (cos20,; — sin%0,35i0%0,3) + £l (sin?60,3 — sin26,5c08%60,3) — cos20,5ehe . (6)

This effective two-neutrino description is also valid
for medium-baseline reactor experiments if their energy
resolution is not good enough to resolve the subleading
oscillation interference between Am3; and Am3,. Likewise,
it applies to long-baseline reactor experiments, which are
not sensitive to these mass splittings due to the long
neutrino flight paths involved. Although it is not possible
to understand the physics expected in a medium-baseline
reactor experiment like JUNO using an effective two-
neutrino framework, we will see that it can nevertheless
be useful in order to gain a better understanding of the
impact of nonstandard interactions. It should be noted,
however, that although some results will be presented in the
two-neutrino approximation for illustrative purposes, a
three-neutrino numerical approach was followed through-
out the analysis.

C. Generalized mass ordering degeneracy
and the LMA-D solution

The evolution of a three-flavor system, as described by
the Hamiltonian for propagation in vacuum H . in Eq. (2),
remains invariant under the transformation

O, —>n/2—015, Am3 ——Am3,+Am3, =—Am3, and

dcp—>m—b¢p, (7)
which gives rise to the well-known generalized mass
ordering degeneracy in vacuum [29]. Matter effects break

this degeneracy and, consequently, solar neutrino experi-
ments can determine sin? @, < 0.5. Notwithstanding, the

degeneracy can be recovered in the presence of NSI when
NSI parameters transform as follows:

> Npeld - = > Npell—2N,  and

f=eud f=eud
v v
z Nfegﬁ - - Z Nfsgﬁ*(aﬂ;é ee). (8)
f=eu,d f=eud

As long as the mass ordering remains undetermined
through means that are not affected by NSI, the degeneracy
in the Hamiltonian set by the transformations in
Egs. (7)—(8) cannot be easily resolved. Then, a solution
with sin® @;, > 0.5 becomes possible; this is known as the
LMA-D solution of the solar neutrino problem [21,22].

This result can be translated into the two-neutrino
approach, described by the Hamiltonian in (4). In this
case, the evolution of the two-flavor system remains
invariant under the transformation

012 = m/2 =0y,
Z Nse s < — Z N € ; + 2cos*013N, and

f=eud f=eu,d

Z Npep — — Z Nyej. 9)

f=eu,d f=eud

It should be noted that the LMA-D solution is only possible
for very large diagonal NSI parameters. Scattering experi-
ments, including coherent elastic neutrino-nucleus scatter-
ing, can severely constrain NSI and thus help to resolve
the degeneracy [22,28,30]. In addition, the combination of
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solar and long or medium-baseline reactor experiments can
also slightly lift the degeneracy due to the fact that the
number density of the matter fields N is neither constant
nor equal on Earth and in the Sun. Nonetheless, reactor
experiments are not very sensitive to matter effects, which
is the main limitation for this approach.

III. HYPER-KAMIOKANDE

A. Simulation and analysis

Following the success of the Kamiokande and Super-
Kamiokande experiments, Hyper-Kamiokande [20] will be
the next-generation water Cherenkov detector in Japan. With
a fiducial volume of 187 kton, 8.3 times greater than that of
Super-Kamiokande (and greater still if two tanks are built),
Hyper-Kamiokande will have a huge multipurpose research
potential. It will be capable of studying everything from solar
and atmospheric neutrinos to supernovae, as well as having
applications to dark matter searches and neutrino tomogra-
phy. Its three principal physics goals revolve around CP
violation, neutrino mass ordering and nucleon decay, and the
long-baseline aspect of the collaboration, T2HK, will form
part of the next generation of oscillation experiments. In this
work, however, we will focus on its expected capacity to
measure and study solar neutrinos.

In order to estimate the projected sensitivity for the
Hyper-Kamiokande experiment, we studied three different
possible configurations based on its potential fiducial
volume and low-energy threshold. These are summarized
in Table I: in the first configuration, we assume an energy
threshold lower than that currently planned by the collabo-
ration (but consistent with Super-Kamiokande’s most
recent achievements), while the second one is a more
conservative estimate based on an expected lower overall
photocoverage compared to Super-Kamiokande’s 40%.
The third configuration takes into account the possibility
of a second tank, located either in Japan or South Korea,
being built at a later date [20]. We consider 10 years of
runtime in every case except for in Configuration C, where
we assume the second tank will operate for a further
3 years.

A light water detector such as Hyper-Kamiokande is
sensitive to solar neutrinos only through neutrino-electron
elastic scattering: v, + ¢~ — v, + e¢~. For our simulation,
the corresponding cross section was taken from [31] and
the response of the detector was estimated using a Gaussian

TABLE I. Main characteristics of the three possible configu-
rations studied for Hyper-Kamiokande.

Energy Fiducial Running
Configuration  threshold (MeV) volume (kton) time (years)
A (optimistic) 3.5 187 10
B (conservative) 5 187 10
C (2 tanks) 5 187 1043

TABLE 1L
from [1].

Best fit values for the oscillation parameters, as

Neutrino oscillation parameters
Am3, =75 %1075 eV?

Am?, =2.55x 1073 V2
5CP =12z

sin2 912 =0.32
sin2 6,5 = 0.022
Sin2 923 =0.574

function with the same energy resolution as in Super-
Kamiokande Run IV (SK-1V) [32].

Following the analysis in Ref. [33], one can define an
extended y* function which includes spectral as well as
zenithal information in the form of day and night energy bins.
Instead of computing the absolute number of events in every
bin, we will perform the analysis in terms of the ratio between
the number of events with and without flavor oscillations,

‘?S.Ck

Y L

Tijk = punosc | unosc : (10)
i3B.k i,hep,k

I

The index i indicates the energy bin, j € {3B, hep} indicates
the source of the neutrino flux, and & refers to the zenith angle
binning, labeled as day (D) or night (N). Our y>-function
thus reads:

> = [di,k - bi,k(a’ €sp, €gcales eresol) - hi,k(ﬂ)]z

X = - -
k=D,N i=1 (0;’[];[)2 + (Gimcorr)z

a2 B2
+ <_> + <_> + 633 + €§cale + egesol’

(o Gﬂ

(11)
where we have defined

bi,j ((Z, €3g, €gcales €resol)
_ ik i,k i,k
o (1 ta+ ey Osp + Escale * Oscale + €resol * Gresol) “TisB k>

(12)

hix(B) = (1+P) - Ti hep,k+ (13)

The complete function depends on the “observed”
number of events per energy bin i and zenith bin
ke {D,N}, d;;, generated as mock data assuming the
best fit value for the neutrino oscillation parameters from
[1] (see Table II). The theoretically estimated number of
events from the 3B chain, b; ., includes contributions from
energy-correlated systematics due to the flux shape uncer-
ik

tainty oy, the energy scale oy,

ik 2

and the energy resolution

O.o1- Such contributions are not included in the prediction

from the hep chain, as this flux already provides a
1t _should be noted that the dependence of b, ;, h; ;, aég, aéfale,
and Glréksol on the oscillation parameters is not indicated explicitly.
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subdominant contribution to the signal. These energy-
correlated uncertainties are weighted by three correspond-
ing nuisance parameters (€sg, €gcae AN €ro50). Two addi-
tional nuisance parameters, « and 3, are included in order to
account for uncertainties in the total normalization of 3B
and hep solar neutrino fluxes, respectively. The correspond-
ing penalty terms as well as the statistical and energy-
uncorrelated uncertainties, oé’t’; and ¢!, are also
included in the y? function. Energy-uncorrelated system-
atics were assumed to be equal to those in SK-IV, as in
Table 10.2 from Ref. [33], while statistical systematics
were scaled from those of Super-Kamiokande, assuming
that the number of events follows a Poissonian distribution.

In this case, the standard deviation will be given by ¢, =

/N, . for each bin i. For an updated analysis with a
longer running time, Tyg/Tsk > 1, and a larger volume,
Vuk/Vsk > 1, one will have reduced statistical errors:

TSK VSK

stat HK \/
i THK VHK
events SK A /Nevemg HK events SK
Otat, SK

Ol Tsk Vsk (14)
events,SK THK VHK

Nl

Regarding uncertainties on the total flux, o, = 4% is
taken from the NC measurement carried out by the SNO
|

[Am3, ] = [Am21 c0s 20, 4 2v2 GFE<Z .

In the above expressions, N¥ refers to the number density
of the matter fields f =e, u, d in the solar neutrino
production region.

Solar neutrinos can also travel through the Earth before
reaching the detector. In this scenario, it should be taken into
account that, in spite of arriving from the Sun as an incoherent
admixture of mass eigenstates, they will undergo flavor
oscillations as they traverse the Earth. A zenith-angle
dependence then arises in the oscillation probability, which
is generally referred to as the day-night asymmetry. This
observable is often computed numerically, since it requires
solving the evolution of the system in a varying matter
potential; nevertheless, a good understanding can be gained
through careful analytical studies [36—38]. In the presence of
NSI, there are also analytical expressions which can help
understand the overall picture [23,39].

As a consequence of both the different mixing in the
production region and the modified propagation on Earth,
one would expect NSI to greatly distort the standard
picture, inducing potentially large shifts in the values of
oscillation parameters. As a reference point, Fig. 1 shows

collaboration [34], while 63 =200% is a conservative
choice as in Ref. [33].

B. Impact of NSI on solar neutrino experiments

As stated above, even after the inclusion of a new
interaction framework, the evolution of neutrinos inside
the Sun remains adiabatic. However, NSI alter the neutrino
mixing in the production region, which translates into a
change in the position and shape of the transition region in
the energy profile. Neglecting matter effects on sin” 6,3,
which are known to be small [17,35], the survival prob-
ability during the day is given by

PL, o = cos* 013[cos? 0,3 cos? 0, + sin? 0}, sin 0]

+ sin* 0,3, (15)

where we have defined the mixing at the production point
in the Sun as

Am3, 08201, +2V2GrE(Y s, , 4NV s —N?)
A3,

’

c0s20;, =

(16)

with

2 2
~—N°)] +[Am§1 sin2012+4\/§GFEZfe’u’dN?psf]. (17)

20.0

17.51

=
u
=)

=
N
(6]

Am2,[1075 eV?]
-
w o

5.0

2.5

015 020 025 030 035 040 045 0.50
sin2612

FIG. 1. Expected sensitivity to the solar neutrino oscillation
parameters in Hyper-Kamiokande in the absence of NSI, where
1o, 20 and 30 confidence levels are indicated by the dashed, dot-
dashed and solid lines, respectively.
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the expected sensitivity of Hyper-Kamiokande to solar
oscillation parameters in the absence of NSI, assuming
10 years of running time and a 3.5 MeV threshold, referred
to as Configuration A in Table I.

IvV. JUNO

A. Simulation and analysis

The Jiangmen Underground Neutrino Observatory
(JUNO) [16] is a next-generation medium-baseline reactor
experiment. In the same way as KamLAND [40], JUNO will
detect reactor neutrinos through inverse beta decay (IBD), as
it will be sensitive to the disappearance of electron antineu-
trinos. Thanks to its expected increase in statistics and
improved energy resolution with respect to those of
KamLAND, JUNO will yield significant advantages when
itcomes to performing precision measurements. It will have a
fiducial volume of 20 kton of liquid scintillator (20 times
larger than that of KamLLAND) and an average baseline of
53 km compared to KamLAND’s 180 km.

The main contributions to the antineutrino flux in JUNO
will come from the Yangjiang and Taishan Nuclear Power
Plants, located approximately 53 km away from the
detector. The first power plant consists of 6 cores with a
thermal power of 2.9 GW, while the second one has 2 cores
with 4.6 GW of power each. In addition, the Daya Bay and
Huizhou complexes will give a non-negligible contribution
to the neutrino signal expected. In our analysis, we have
treated these last two power plants as two cores located at
baselines of 215 km and 265 km, respectively, meaning we
considered the total antineutrino flux to have contributions
from 12 reactor cores.

The energy resolution expected at JUNO is
3%/+/EMeV). This will allow a precise measurement
of the solar oscillation parameters 6, and Am3,, as well as
a determination of the mass ordering [17]. Inspired by the
oscillation analyses in Refs. [17,41], we use 200 equal-size
bins for the incoming neutrino energy ranging from
1.8 MeV to 8.0 MeV and define the following y? function:

200 + ga)( +§r,1)(1 +§s,i)Tij]2
zz: N,(l +0dNi)

sy -

where N; denotes the observed number of events in the ith
energy bin that we simulate as being the expected ones
from the best fit in [1] and 7; refers to the predicted
number of events in the ith energy bin due to the jth reactor
core for the set of parameters that is being tested. Regarding
systematic uncertainties, they are accounted for by intro-
ducing a total of nuisance 211 nuisance parameters. We
have included an absolute uncertainty on the reactor flux,

0, = 2% (the associated nuisance parameter is denoted by
£,), an uncertainty related to each reactor, o, = 0.08% (the
corresponding pull parameters are &, ;, with j € {1,10}),
and an uncertainty on the shape of the spectrum, o, = 1%
(the pull parameters included for the ith bin are & ;, with
i € {1,200}). An uncorrelated uncertainty from the detec-
tor, 6, = 1%, is also included. In our calculations, we
implement the IBD cross-section as in [42], the energy
spectra from [43], and the reactor fission fractions from
[44]. Event computation and the minimization of our j?
function were performed using GLoBES (General Long
Baseline Experiment Simulator) [45,46].

B. Impact of NSI on medium-baseline reactor
antineutrino experiments

If matter effects and NSI are not considered, the survival
probability in medium-baseline reactor experiments is
given by:

PMBLReac — 1 _ c0s*6),55in?26),,5in? Ay,

— §in%260,3(cos?d,,5in* Ay, + sin?0,sin’As,),

(19)

where we have defined A;; = Am? L/AE.

Nonstandard neutrino interactlons with matter will have
a similar impact on oscillation parameters in the solar sector
as those discussed in Egs. (16) and (17) for solar neutrinos,
with the key difference that, since reactors emit electron
antineutrinos, the matter and NSI terms in the Hamiltonian
will have an opposite sign to their counterparts in the case
of neutrinos. For completeness, Fig. 2 shows the expected
sensitivity of JUNO to sin? @, and Am3, in the absence
of NSI, after marginalizing over 0,3 and Am% , for normal
ordering.

7.60
— 7.551
o
>
)
7
O 7.50
—
NN
5
7.451
7.40 T T :
0.310 0.315 0.320 0.325 0.330
sin2612
FIG. 2. JUNO’s expected sensitivity to the oscillation param-

eters 0, and Am% | in the absence of NSI, where the 1o, 20, and
30 C.L. contours are shown as before.
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With respect to the other two oscillation parameters
influencing the survival probability expected at JUNO, 65
and Am3,, they are not significantly affected by matter
effects or NSI according to current constraints [17]. Hence,
one would expect JUNO to be capable of providing an
accurate measurement of these oscillation parameters even
in the presence of NSI.

V. RESULTS
A. NSI in Hyper-Kamiokande

Neutrino nonstandard interactions are known to alter the
solar neutrino picture considerably, since they affect the
mixing in the production region of the Sun and modify
the day-night asymmetry expected from neutrino propa-
gation through the Earth. In addition, for the experimental
configuration we are considering here, only one side of the
neutrino spectrum is accessible, with energies above a
certain threshold. This means that, although the large
number of statistics expected would allow a differentiation
between the spectra for day and night, the transition region
and the low-energy side of the neutrino spectrum will not
be measurable and Hyper-Kamiokande will have to rely on
previous measurements from other experiments.

At this point, it is important to remember that we are
restricting ourselves to the case of NSI with d-type quarks.
We also introduce here the short-hand notation &', = ¢’ and
ep=¢for f=d.

In the right panel of Fig. 3, we show the projected
sensitivity of Hyper-Kamiokande to solar oscillation
parameters in the presence of a nonzero NSI coefficient,
€. Tt can be seen that nonuniversal NSI would affect the
determination of the mass splitting by more than an order
of magnitude. Besides this, it should be noted that a
solution in the second octant arises for very large values

3

—1.00 -0.75 -0.50 —0.25 0.00 0.25 0.50 0.75 1.00

of ¢'; this corresponds to the LMA-D solution discussed in
Sec. II [21]. Both of these features are expected from the
arguments presented in previous sections. Regarding fla-
vor-changing NSI, there is a strong degeneration of the
effective parameter & with the oscillation parameters
sin? @), and Am3;. This is shown in the left panel of
Fig. 3, where it can be seen how the allowed parameter
space in this plane is significantly enlarged with respect to
the standard LMA solution in the absence of NSI [1].

In order to break these degeneracies, which increase
substantially when both nonuniversal and flavor-changing
NSI are considered simultaneously, the inclusion of other
datasets is crucial, as Hyper-Kamiokande cannot resolve
them by measuring the high-energy range of solar neutrinos
alone. In fact, though small differences in this energy range
are expected in the presence of NSI, an experimental
configuration aimed at maximizing statistics, i.e., one
involving two tanks, would not be able to set significant
constraints on NSI parameters on its own. Similarly,
lowering the energy threshold to 3.5 MeV would not help
to resolve the degeneracies of ¢ and ¢ with the oscillation
parameters. This can be seen in Fig. 4, where we compare
the three experimental setups considered (see Table I) and
no significant difference is found. Though some slight
improvement can be seen in the low-threshold configura-
tion (Configuration A), this happens mainly in regions that
will be excluded later on after combining the results with
those from other experiments. For a more detailed dis-
cussion on the impact of each different configuration on
the combined analysis with JUNO, we refer the reader to
the Appendix.

B. NSI in JUNO

In our analysis, we limit ourselves to the study of two NSI

parameters simultaneously, €)Y and £¢Y. The motivation

E/

-1.00 -0.75 -0.50 —0.25 0.00 0.25 0.50 0.75 1.00

& 10t
>
(0]
9
g o <=
= 10
NN
£
=0 e=0
107!
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
sin2612 sin2912

FIG. 3. Effect of the effective NSI parameters on the sensitivity of

26 and 3¢ C.L. in the sin’@,,-Am3, plane when varying e between —

Hyper-Kamiokande, varying one at a time. Left panel shows the 1o,
1 and 1. Same confidence levels are drawn in the right panel for the

case of ¢ = 0 and ¢’ allowed to vary within the same range. The color map indicates the best fit value of the effective NSI parameters.
Unfilled contours correspond to the same confidence levels expected for Hyper-Kamiokande in the absence of NSI.
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Config. A w/o NSI
— 1 Config. A
B 10 Config. B
(0]
9
2 -
—, 10°
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S
J
10—1 gl = 0 E= 0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
sin2612 sin2912

FIG. 4. Effect of effective NSI parameters on the sensitivity of Hyper-Kamiokande, varying one at a time, for each of the three
experimental configurations in Table I. Contours correspond to 20 and 36 C.L. In the left panel, ¢ is fixed to zero; in the right panel,
& = 01is considered. Unfilled contours correspond to the same confidence levels expected for Hyper-Kamiokande in the absence of NSI

for Configuration A.

behind this choice is twofold: first, these two parameters are
among the least constrained [13] and, second, they can be
easily mapped onto the two effective parameters (¢ and &)
used to describe NSI in solar neutrinos.

Moreover, we will assume all NSI coefficients to be real,
so that

€' = sin 26,5 cos 0,5 cos Scpedy — cos? 052y, (20)
and
£ = —cos 0,3 sin Oy3e2) . (21)

In a medium-baseline reactor experiment aiming to
measure the oscillation parameters 6, and Am3, with
high precision, matter effects have been shown to play an
important role [35,47]. In particular, matter effects produce
an approximately 0.2% shift in the effective mass splitting

&

—1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

and a 1.2% shift in the value of effective sin”>6,, with
respect to the values which would be obtained if matter
effects were not considered [47]. Since JUNO aims to
perform a measurement of these two oscillation parameters
with a precision of ~0.5-0.7%, matter effects are clearly
very relevant. Likewise, the existence of nonstandard
interactions, even if smaller than standard matter effects,
could greatly affect the precision goals of this experiment.
In Fig. 5, it can be seen how the sensitivity to the solar
oscillation parameters is affected if the effective NSI
couplings € and &’ are included in the analysis and allowed
to vary between —1 and 1. For both panels, the absence of
NSI was assumed as the true hypothesis, with the best fit
values for the oscillation parameters taken from Table II,
while the test hypothesis consisted of € # 0 (left panel) and
¢ # 0 (right panel).

It can be seen that a nonzero € results mainly in a shift in
the effective mass splitting, whereas the main impact of a

&

—-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

7.8 =0 =0
&
>
V76
T
o
=
S 7.4
IS
g

7.2

0.30 0.31 0.32 0.33 0.30 0.31 0.32 0.33 0.34
sin2912 sin2612

FIG. 5.

Effect of the effective NSI parameters on the sensitivity of JUNO, varying one at a time. Left panel shows the 16, 26, and 3¢

C.L. in the sin’0,,-Am3, plane when varying e between —1 and 1. Same confidence levels are drawn in the right panel for the case of
& = 0 and ¢ allowed to vary. The color map indicates the best fit value of the effective NSI parameters. The confidence levels expected
for JUNO when NSI are not included in the analysis are indicated by unfilled contours.
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nonzero ¢ would be a distortion in the reconstructed value
of the solar mixing angle.

C. Combining Hyper-Kamiokande and JUNO

The fact that the impact of NSI on solar neutrino experi-
ments and on long and medium-baseline reactor experiments
is substantially different can be exploited to further constrain
such interactions. In their absence, the determination of
the solar parameters sin® 0, and Am3, would be heavily
dominated by JUNO. However, this picture changes signifi-
cantly when the possibility of NSI is accounted for.

As has been shown, the determination of oscillation
parameters from medium-baseline reactor experiments alone
is still quite robust, since matter effects (and other effects
alike) are subdominant. Nevertheless, there would be a
considerable degradation in the accuracy of the measurement
itself, and so the precision goals of the experiment would not
be reached. By contrast, solar neutrino experiments are very
sensitive to any new physics affecting propagation and, as
such, they can deliver powerful tests of neutrino interactions
during propagation as long as the oscillation picture is well
established. This complementarity is what motivates the
combination of both experiments as a way to set stronger
bounds on nonstandard interactions.

In Fig. 6, we present the combined sensitivity of JUNO
and Hyper-Kamiokande (using the most optimistic con-
figuration, referred to as Configuration A in Table I). The
remaining additional projections are also shown in Fig. 7.

In the left panel of Fig. 6, it can be seen that a
combination of both experiments can provide a measure-
ment of the oscillation parameters in the solar sector
reaching the subpercent precision level. At 90% C.L.,
the allowed regions for the solar mixing angle and mass
splitting would be the following:

16
S
9

= o

7.8

7.6

Am32,[107° eV]

7.2

0.30 0.31 0.32 0.33 14 9 16
sin2612 AXZ

0.318 < sin’f;, < 0.322  and
7.48 x 1075 eV2 < Amd, < 7.52 x 10°5 V2, (22)

The projected sensitivity to sin? @, is very close to what
JUNO alone would be expected to obtain in the absence of
NSI, meaning that at least one of the oscillation parameters
will be determined with this precision independently of
NSI. When it comes to the solar mass splitting, however,
the sensitivity will be significantly degraded if one allows
for NSI, while still presenting a remarkable improvement
with respect to its current level.

The right panel of Fig. 6 shows the projected sensitivity
to NSI parameters after combining JUNO and Hyper-
Kamiokande. At 90% C.L., the allowed regions for NSI
parameters would be
—0.153<¢ <0.135 and -0.113<e<0.144, (23)
where the limits have been obtained by varying one
parameter at a time. It should be noted that large values
of ¢ are excluded—this is due to the fact that we are
assuming the same mass ordering for the true values and the
ones being tested. In this case, the LMA-D solution, which
is only possible for large ¢ and different orderings for each
set of values, does not arise. This approach is justified if the
mass ordering is determined independently of NSI; in the
next section, we will relax this constraint and study the case
in which the mass orderings are allowed to be different.

The individual constraints from Hyper-Kamiokande
(HK) and JUNO are shown in order to illustrate that the
sensitivity to NSI parameters arises from the combination
of both experiments. As mentioned previously, JUNO’s
sensitivity to the oscillation parameters is not greatly
affected when NSI are included in the analysis; conversely,

16
S
3

9
4
1
1.0

0.5

-0.5

1050 os 0 05 1.0 14 9 16

£ Ay?

FIG. 6. Two-dimensional projections onto the sin*6, — Am3, plane (left panel) and the e-¢' plane (right panel) of the expected
sensitivity from a combined analysis of Hyper-Kamiokande and JUNO. Contours correspond to 1o (dashed), 2¢ (dot-dashed) and
30 (solid) C.L. One-dimensional projections are shown for completeness. In the left panel, the corresponding confidence levels expected

in the absence of NSI are again shown using unfilled contours.
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0.34

1.0 -1.0 -0.5 0.0 0.5 1.0

£

FIG. 7. Two-dimensional projections onto the ¢-sin*6), plane (top left), e-sin?;, plane (top right), &-Am3, plane (bottom left)
and s-Am%l plane (bottom right), from a combined analysis of Hyper-Kamiokande (HK) and JUNO. Contours correspond to 1o, 20, and
3¢ C.L. The allowed regions from HK and JUNO individually are shown in purple and pink, respectively.

small nonstandard interactions would induce large devia-
tions and a significant loss of accuracy in the measurement
of neutrino oscillation parameters by Hyper-Kamiokande.
Figure 7 captures these two complementary features.

D. LMA-D in the case of inverted ordering

Up until this point, we have assumed that the mass
ordering would be determined in an NSI-independent way,

1N

7.8

Ax?
= O

N
o

AmZ,[1075 eV?]
N

-
N

0.66 0.67 0.68 0.69 14 9 16
sin2912 A){z

or at least that a strong preference for a particular ordering
would be achieved when the analysis was extended to
include NSI. If this limiting assumption is lifted, a second
solution arises—known as the LMA-D solution, it is a
consequence of the generalized mass degeneracy as
explained in Sec. II. The allowed regions for this solution
in the sin*0,,-Am3, and e-¢ planes are shown in the left
and right panels of Fig. 8, respectively.

0.9

w 08

0.7

0'6-1.0 -0.5 0.0 0.5 1.0 14 9 16

£ Ay?

FIG. 8. Two-dimensional projections onto the sin’6, — Am3, plane (left panel) and the e-¢' plane (right panel) of the expected
sensitivity from a combined analysis of Hyper-Kamiokande and JUNO for the LMA-D solution. Contours correspond to 1o (dashed),
20 (dot-dashed) and 3o (solid) C.L. with respect to the best fit in the first octant from Table II and assuming normal ordering.
One-dimensional projections are shown for completeness.
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0.71

X
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0.6 0.7 0.8 0.9

-1.0 1.0

3

FIG. 9. Two-dimensional projections onto the &-sin*d), plane (top left), e-sin?6,, plane (top right), &-Am3, plane (bottom left) and
E-Amgl plane (bottom right), from a combined analysis of Hyper-Kamiokande (HK) and JUNO, for the LMA-D solution. Contours
correspond to 1o, 20, and 30 C.L. The allowed regions from HK and JUNO individually are shown in purple and pink, respectively.

In the analysis of solar neutrinos, there is a negligible
dependence on Am3; and its sign. Therefore, in Hyper-
Kamiokande, the correct methodology to study the degen-
erate LMA-D solution with sin?@;, > 0.5 is essentially
identical to the analysis described in the previous section.
In the case of JUNO, however, there is a strong dependence
on Am3,, and by fixing its value to its best fit point under
normal mass ordering we were systematically excluding
this possibility. Therefore, the appropriate procedure for
exploring the degenerate solution in JUNO is to reconstruct
the “mock data" (which assumes no NSI and a best fit for
sin? 0}, < 0.5, i.e., in the first octant) while allowing Am3,
to take both positive and negative values (thus accounting
for both hierarchies).

In this case, a second solution arises in the second octant,
that is, for sin>@,, > 0.5. The best fit for this degenerate
solution is slightly disfavored with respect to the one in the
first octant, which can be seen from the fact that Ay? is
larger than zero for this solution. This is because the
number density of d-quarks differs for each medium (the
Earth’s crust, core and within the Sun), and different values
of & can therefore account for the generalized mass
ordering degeneracy in each medium [see Eq. (9)].
Nevertheless, in a combined analysis of JUNO and
Hyper-Kamiokande, the LMA-D solution would not be
discounted. This solution also arises for a slightly smaller
Am3,, as seen in Fig. 8.

After marginalizing over the solar neutrino oscillation
parameters, one can obtain the sensitivity of the combined

analysis to the effective NSI parameters, ¢ and ¢/, as shown
in the right panel of Figure 8. It is clear from this figure that
the LMA-D region requires very large values of ¢, as well
as a nonzero &, which is in agreement with previous works
[21,22]. In spite of the magnitude of these values, neutrino
oscillation data alone would not be able to exclude them.
However, scattering data and results from coherent elastic
neutrino-nucleus scattering experiments [48] in particular
have been shown to be a powerful complementary probe for
this scenario [28,49,50]. Indeed, the combination of solar
neutrino data with results from the COHERENT experi-
ment leads to a rejection of the LMA-D solution above the
30 level in models with NSI involving only a single quark
flavor [49,51]. Nevertheless, this constraint is relaxed when
allowing for NSI with both u and d-type quarks simulta-
neously, so it is not possible to fully exclude the LMA-D
solution in these more generic scenarios [28,50].

Finally, and for completeness, we show in Fig. 9 the
projections onto the remaining planes for the LMA-D
solution. Once again, the sensitivity obtained for JUNO
and Hyper-Kamiokande individually is shown together
with the resulting sensitivity from a combined analysis.

VI. CONCLUSIONS

The complementarity between solar and reactor experi-
ments is known to be particularly powerful when it comes
to constraining neutrino nonstandard interactions. We have
addressed the expected improvements which may be
achieved from a combined analysis of the future neutrino
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experiments JUNO and Hyper-Kamiokande, focusing on
NSI with d-type quarks.

Including nonstandard interactions in the analysis of
JUNO data would result in a significantly degraded
sensitivity to the solar oscillation parameters sin” 6, and
Am3,. Nonetheless, a combined analysis with Hyper-
Kamiokande would allow a subpercent precision measure-
ment of sin® 0}, and Am3; at 90% confidence level.

We have shown that the results obtained are not strongly
dependent on the exact experimental setup used for Hyper-
Kamiokande, such as the fiducial volume or the energy
threshold. This is a consequence of the combined analysis
relying on a more precise determination of the oscillation
parameters by JUNO. Nevertheless, a better determination
of the day-night asymmetry and an observation of the
upturn in the solar neutrino spectrum remains key for
verifying our understanding of the solar neutrino picture.

If independent probes were able to exclude large values
of ¢, the limits derived in this work and shown in Eq. (23)
would also be the only allowed ranges from the combina-
tion of JUNO and Hyper-Kamiokande data for the effective
NSI parameters. These constraints, which are comparable
to similar sensitivity studies for future neutrino experiments
[39,52], will improve the current bounds from combined
analyses of solar and KamLAND data [21,22], as expected.
In the same spirit as global neutrino oscillation fits
including NSI [28,50], a combined fit of Hyper-
Kamiokande, JUNO, and future results from coherent
elastic neutrino-electron scattering will exploit the com-
plementary sensitivity of these three types of experiments
to NSI, providing crucial information on the nature of
neutrino interactions with matter.
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Finally, we explored the possibility of constraining the
LMA-D solution from the difference in matter effects
between Hyper-Kamiokande and JUNO. We have shown
that only a very small region of the parameter space would
be allowed at 1o. However, as expected, it would not be
possible to completely exclude this solution from the
combination of these two experiments alone.
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APPENDIX: ON THE POSSIBILITY OF
DIFFERENT HYPER-KAMIOKANDE
CONFIGURATIONS

In Sec. VA we showed the impact of three possible
experimental configurations of Hyper-Kamiokande on its
determination of solar oscillation parameters in the pres-
ence of NSI (see Fig. 4). It is also interesting to examine
whether our final results depend substantially on the
exact configuration of the Hyper-Kamiokande detector.
The sensitivity profiles of each of the four parameters under
consideration—sin® 0,,, Am3,, ¢, and ¢—are presented
in Fig. 10.
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FIG. 10. Sensitivity to neutrino oscillation and NSI parameters for the three different potential configurations of the Hyper-

Kamiokande detector considered in this work.
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It can be clearly seen that the choice of one experimental
setup over another would not have a significant impact on
the determination of the oscillation parameters sin® 6, and
Am3,. This is due to the fact that, in the presence of NSI,
there are no notable differences in the sensitivity of Hyper-
Kamiokande, at least in the region of parameter space
where the measurement of JUNO will sit. The only

noticeable divergent behavior arises at the ~2-3¢ level
for the low-Am3, and low-¢ sides of those profiles,
respectively, which corresponds to the lobules which
appear in the two-dimensional regions presented in
Sec. V. Thus, the biggest differences between the three
configurations listed in Table [ appear for values that will be
excluded by JUNO, as shown in Fig. 4.
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