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Neutrino nonstandard interactions (NSI) constitute an active research field, as they are closely related to
potential new physics associated with dark matter searches and exotic interactions arising from
fundamental symmetry violations. The Borexino’s unprecedented sensitivity to solar neutrinos, derived
from its low background and precision spectral measurements, enables stringent constraints on potential
deviations from the standard three-flavor neutrino oscillation paradigm. This work presents an update on
the analysis of flavor-diagonal NSI using the full Borexino Phase-III dataset, extending the study
previously reported in Constraints on flavor-diagonal nonstandard neutrino interactions from Borexino
Phase-1I (JHEP 2020, 38). The updated analysis incorporates the extended temporal and statistical
coverage of Phase-III. The results indicate improved sensitivity to the diagonal NSI parameters, with
constraints exceeding those obtained in Phase-II. Furthermore, a more general analysis that includes all
possible off-diagonal NSI terms is presented for the first time, providing a comprehensive exploration of
the NSI parameter space associated with the flavors of the incoming and outgoing neutrinos. This work
once again underlines the Borexino’s critical role in probing new physics scenarios and reinforces its legacy
in neutrino research. Detailed comparisons with Phase-II results are discussed, along with implications for
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theoretical models of NSI.
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I. INTRODUCTION

Nonstandard neutrino interactions (NSI) refer to hypo-
thetical interactions between neutrinos and other particles
that deviate from the predictions of the Standard Model (SM)
of particle physics. Although the SM has been incredibly
successful in describing the fundamental particles and their
interactions, it does not account for all observed phenomena,
such as gravity, dark matter, and dark energy. Besides those
fundamental questions, the neutrino plays a special role as a
unique portal on the physics beyond SM.

In particular, NSI go exactly in this direction; inves-
tigating them could help us understand the nature of
neutrino masses and mixing, provide insights into the
origins of matter-antimatter asymmetry, and explore con-
nections to dark matter and other exotic particles related to
the possible violation of the axial/vector interaction.

The Borexino experiment has made significant contri-
butions to science with its discoveries and precise mea-
surements of the nuclear processes that power the Sun and
stars [1]. With its exceptional low background in the energy
range of approximately 150 keV to 15 MeV, Borexino was
the only experiment able to detect all the components of
solar neutrino spectrum, and, therefore, it greatly contrib-
uted to advance our understanding of neutrino oscillations,
by measuring simultaneously the survival probability in
vacuum and in matter.

§§Group Spokesperson: spokesperson-borex @Ings.infn.it
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In previous studies [2], exploiting data from the detector
Phase-1II, we analyzed flavor-diagonal NSI, paving the way
for understanding how NSI could modify neutrino-electron
elastic scattering and the survival probability of solar
neutrinos.

Starting from the previous result, we now extend our
analysis to a more comprehensive dataset including Phase-
III, aiming to refine and improve our constraints on NSI.
This larger dataset offers higher statistics, allowing us to
explore more in detail the potential existence of NSI and
their implications for neutrino interactions.

In Sec. II we review the main features of the Borexino
detector and its most important results in neutrino physics.
Furthermore, we review the basic analysis strategy and the
characteristics of the extended dataset for the NSI analysis
upgrade. In Sec. III we discuss the theoretical framework of
NSI, highlighting the difference of the parameter choice
between the old and the new analysis, consisting mainly in
the inclusion of the off-diagonal terms. In Sec. IV we discuss
the analysis strategy, showing the new Monte Carlo (MC)
based approach. Finally, in Sec. V we report the results of the
new analysis, comparing and contrasting it with the old
publication and discussing the implications of the results in a
wider context including results from other experiments.

This document is followed by a series of Appendixes,
reporting the details of the formalism and calculations used
in the main analysis. In order not to deviate the reader from
the main content, all those technicalities are reported at the
end and can be checked by the most curious readers.

II. THE BOREXINO DETECTOR

Borexino was mainly detecting neutrinos via the scatter-
ing off electrons given by the reaction v, + e~ = v, + €7,
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where v, represents neutrinos of all types interacting with
neutral and / or charged current, depending on the flavor
according to SM. Borexino was reconstructing the energy,
position, and other features of each event in real time.
The detector was located in Hall C of the Laboratori
Nazionali Gran Sasso (LNGS) of the Italian Institute of
Nuclear Physics (INFN) [3]. The detector had been taking
data from mid-2007 to the end of 2021, and is currently
under decommissioning. The detector is made of spherical
concentric layers of increasing radiopurity (see [4] for
details); the innermost core, called the inner vessel (IV),
consists of about 280 tonnes of liquid scintillator (pseu-
documene mixed with 1.5 g/l of PPO as scintillating solute)
contained inside an ultrapure nylon vessel with a thickness
of 125 pm and a radius of 4.25 m. A stainless steel sphere
(SSS), filled with the remaining 1000 m* of buffer liquid
(pseudocumene mixed with dimethylphthalate quencher) is
instrumented with 2212 photomultiplier tubes (PMTs) to
detect scintillation light inside the I'V. Ultimately, the SSS is
placed inside a water tank with a volume of 2400 m?,
which functions as a Cerenkov veto system, equipped with
200 PMTs. Using results from the study of internal residual
contaminations and from the 2010 calibration, it was found
that the detector is capable of determining the event
position with an accuracy of ~10 cm (at 1 MeV) and
the event energy with a resolution following approximately

the relation ¢(E)/E ~5%/+/E/[MeV].

The Borexino dataset is divided into three different
phases; Phase-I, from May 2007 to May 2010, ended with
a calibration campaign, in which the first measurement of
the "Be solar neutrino interaction rate [5—7] and the first
evidence of the pep solar neutrinos [8] were achieved,;
Phase-II, from December 2011 to May 2016, started after an
intense purification campaign with unprecedented reduction
of the scintillator radioactive contaminants, in which the first
spectroscopic observation of the pp neutrinos with 10%
precision was published [9], and was later updated in the
comprehensive analysis of all pp chain neutrino fluxes
[10-12]; finally, Phase-III, from July 2016 to October 2021,
started after a thermal stabilization program (consisting of
detector insulation and temperature control aimed at stop-
ping the scintillator convective motions) in which the first
detection of the CNO neutrinos [13] and its subsequent
improvements [14,15] were achieved.

The most important solar neutrino results in terms of
interaction rate and corresponding fluxes are summarized
in Table 1. Due to its unprecedented radio-purity, Borexino
has also set a lot of limits on rare processes, such as
potential electron decay [16], NSI [2], low-energy neutri-
nos correlated with astrophysical events [17], neutrino
magnetic moment [ 18], sterile neutrino [19], and performed
other studies, such as e.g., the determination of very
stringent limits for possible violations of Pauli’s principle
in nuclear systems [20] and geoneutrino detection [21],
which gives essential contributions to the testing and

TABLE 1. Solar neutrino interaction rates in Borexino and
extrapolated solar neutrino fluxes for the different components of
the pp chain and CNO cycle. Rates are reported in cpd/100t,
while fluxes are reported in cm™2s~!. N.B.: HZ stands for high
metallicity assumption. N.B.: cpd/100 t is the standard Borexino
rate unit and stands for counts per day per 100 tonnes.

Species Rate [cpd/100 t] Flux [em™2s7!]

pp (134 £10)*5, (6.1 £0.5)103 x 10'°
Be (483 £ L.1)I)4 (499 £0.11)700¢ x 10°
pep (HZ) (2.7+04)193 (1.34£0.3)71 x 108
B (> 3 MeV) 0.22370921 5687042 x 10°

hep <0.002 (90% CL)  <1.8 x 105 (90% CL)
CNO 6.750% 6.7553 x 108

discrimination of possible geophysical models for the
Earth.

A. Data selection

For the most important analyses in Borexino, the
fundamental event selection is based on the following
criteria; internal only trigger (no muon veto coincidence),
event time greater than 2 ms from a preceding muon (to
remove cosmogenics), a single cluster in the acquisition
window, and the position typically reconstructed in r <
2.8 mand —1.8 < z < 2.2 m, where r is the distance from
the detector center and z is the vertical position. These cuts
guarantee that the selected event is a neutrino-like candi-
date, i.e., an event occurred in the innermost part of the IV
(<100 tonnes around the center) and far enough from the
external background that comes from the SSS and from the
IV structures.

After applying the selection criteria listed above, the
typical Borexino spectrum shows a prominent >'’Po a peak
at about 500 keV, which falls within the "Be energy
window; see e.g., [6]. At the beginning of Phase-I, the
210pg activity was of the order of 10*cpd/100 t [22]. At the
beginning of Phase-II, more than 4 years later, the activity
decreased by one order of magnitude to ~103 cpd/100 t, a
bit more than expected because the water extraction
campaign reintroduced a small amount of 2!°Po. Finally,
in Phase-IIl, after more than 4 years from the water
extraction, the scintillator convective motions were drasti-
cally reduced thanks to a thermal insulation campaign. This
significantly reduced ?'°Po activity by another order of
magnitude, reaching ~20 cpd/100t. This allowed
Borexino to reach the >'%Po condition required for the
CNO measurement [13] via the >'°Bi independent constraint
from the secular equilibrium, in the jargon 2!°Bi—!Po.

From Phase-II and Phase-III the content of 2!°Bi was
reduced by a 60% due to the thermal stability program for
the CNO detection. The higher value estimate in Phase-II is
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TABLE II.

Comparison between the rates of the major backgrounds for solar neutrino analysis in the fiducial

volume, before (Phase-I) and after the purification campaign (Phase-II), and after the thermal stabilization campaign
in Phase-IIT (N.B.: >'%Po reported here is an average over the entire phase).

Phase-II Phase-II1

Phase-I
210gj ~42 cpd/100t
210pg ~700 cpd/100t
85Kr ~35 cpd/100t
B8y (53+£0.5) x 1078 g/g
232Th (3.8 £0.8) x 10718 g/g

~18 cpd/100t

~250 cpd/100t
<6.8 cpd/100t (95% CL)
<9.4 x 1072 (95% CL)
<5.7x 107" (95% CL)

~11 cpd/100t
<20 cpd/100t
<11 cpd/100t (95% CL)
(6.5+2.2) x 1072
<2.8 x 10~° (95% CL)

largely due to top/bottom asymmetry followed after the last
purification campaign. At the beginning of Phase-II a very
clean scintillator portion was left on the detector top
hemisphere by the latest purification cycles. Thanks to
convective motions, activated by thermal instabilities
before the insulation program, the full scintillator bulk
has been extensively mixed leading to a uniform distribu-
tion of 2!%Pb, the 2'9Bi parent nuclide, as described in
[13,14].

The #KTr, strongly reduced (more than a factor 5) after
the intensive purification campaign in between Phase-I and
Phase-II, has always showed a residual rate limit, quantified
thanks to the  —y delayed coincidence decay channel,
whose branching ratio is 0.43%. This limit will be reviewed
and discussed in Sec. IV as it may play an important role in
the NSI interaction. The rest of contamination (as the
cosmogenics, the external background and the uranium and
thorium decay chain daughters) are basically constant or
negligible; see Sec. IV as well.

B. The extended dataset

The analysis presented in this document is based on data
collected during periods of optimal radiopurity and thermal
stability of the detector—specifically, from December 2011
to May 2016 (Phase-II) and from June 2016 to February
2020 (Phase-III). The last part of the dataset features an
unprecedented thermal stability and an enlarged volume of
strongly reduced 2!°Po contamination (see Table II), and
therefore provides an improved 210pg constraint, useful as
will be discussed in Sec. I'V. For both phases, a threefold-
coincidence (TFC) method [8] is applied to reduce
the ''C cosmogenic background. The TFC method splits
the data of each phase into two complementary datasets; the
TFC-subtracted spectrum in which ''C is selectively filtered
out using the muon-neutron-positron coincidence and the
TFC-tagged spectrum in which ''C is enriched. The energy
range, fiducial volume, and other selection criteria for
Phase-II and Phase-III are the same as those used in the
previously published analyses [10,13]. The fitting range is
Nhit €[92,950] for Phase-Il spectra and Nhit
€ [136, 954] for Phase-III. The total exposure of the analysis
presented in this article is about 1291.51 days x 71.3 tonnes
for Phase-II and 1072 days x 71.3 tonnes for Phase-III.

III. THEORETICAL FRAMEWORK

A. Motivations and possibilities for the study of
nonstandard neutrino interactions

The possible existence of NSI, in addition to the usual
neutral and charge current electroweak interactions pre-
dicted by the SM is under investigation in the literature
since many years [23]. Originally [24] they had been
advocated to find an alternative explanation of the solar
neutrino data to the usual oscillation mechanism, introduc-
ing the possibility of massless neutrino oscillations.
Throughout the years, the sensitivity to possible NSI has
been analyzed for different neutrino sources; atmospheric
neutrinos [25] reactor neutrinos [26—28] and, more recently,
long baseline accelerator experiments (LBL) [29], which
pose particular attention to the possible influence of NSI on
CP violation sensitivity [30,31] and neutrino mass ordering
discrimination power [32,33].

The theoretical interest for NSI remained high over the
years [34,35], also in connection with dark matter models,
that often predict their existence. Different NSI coefficients,
parametrizing possible extensions of neutrino interaction
with matter, have been analyzed in a series of papers,
among which recent studies reported in [36—40].

Oscillation data typically constrain the differences
between diagonal neutral current NSI parameters. To
derive additional constraints on the single NSI parameters
one can use the fact that eventual NSI corrections would
influence also the inelastic neutrino scattering and per-
form a combined analysis of oscillation and scattering
data, incorporating in the analysis also the limits coming
from medium- and high-energy electroweak precision
data [41]. Additional constraints, as in the case of [35],
can also be obtained from processes involving
four charged fermions and from decays of muons and
mesons.

The most stringent limits, which affect the parameters
related to NSI involving incoming and outgoing muonic
neutrinos (usually denoted as ¢,, coefficient), can be
recovered from the data of CHARM [42] at CERN.

However, new models have been introduced in the
literature (for instance [43-45]) in which the NSI arise
by the interaction with light mediators not affected by
the limits from high-energy neutrino experiments, like
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CHARM and NuTeV. These models also open interesting
scenarios, in which the NSI studies with future data from
LBL experiments, like DUNE, complement very well the
searches for new gauge bosons at high luminosity LHC
[46]. The constraints on NSI coefficients surviving also in
these light mediator models have been studied also by
combining the oscillation data with those derived by the
neutrino nucleus scattering experiments, like COHERENT
[47], using neutrinos from the Spallation Neutron Source
(SNS) at Oak Ridge National Laboratory and another
experiment with neutrinos from the Dresden-II reactor [39].

B. Investigating NSI with Borexino data: Potentiality
and novelties of the analysis

The Borexino experiment offers the opportunity of
monitoring the full solar neutrino spectrum, including
the measurements of all the pp-chain components and
also measuring for the first time the CNO neutrinos. From
the point of view of NSI searches an ideal situation is
represented by the high statistic measurement of the 'Be
signal, which has the advantage of being monoenergetic
and, therefore, of having a clear expected experimental
signature.

In this work, we will focus on the so-called vector-NSI, a
specific form of NSI that introduces terms in the interaction
Lagrangian with matter, modifying the conserved currents.
Besides, there are also the so-called scalar-NSI, which
perturb the mass eigenstates, again due to modifications in
the interaction with matter [48]. Generally speaking, the
possible vector NSI coefficients can be written as a sum
over different contributions corresponding to neutrino
interactions with leptons and quarks, respectively. The
introduction of NSI can foresee the possibility for all
neutrino flavors to interact with ordinary matter leptons
via the charged current (CC) channel. The effective
interaction Lagrangian density valid at tree level is obtained
combining neutral and charged current contributions. The
CC Lagrangian can be written using a Fierz reordering in
order to obtain a form comparable to the neutral current
(NC) one. In the effective framework, the total interaction
Lagrangian density at the leading order is modified by the
introduction of a NSI depending term,

Lnst = _2\/§GF§ X (Day, Prvp) (I Pxl). (1)
ap
L' x

In the above expression, the chiral index X = L, R labels
the left and right NSI contributions. The indices @, f = e, y,
7 denote the outgoing and incoming neutrino flavors, while
[ and ' represent the outgoing and incoming charged
leptons or quarks carrying the same electric charge.
Requiring the interaction Lagrangian to be Hermitian
imposes a constraint on the & coefficients,

8g/;X = (S%X) t, (2)

The chirality projectors are defined as usual as

P, = (1 +7s), (3)

N =

(1_7/5)’ PR:

NS

where Py corresponds to the value of the index X
specifying the chirality of the /I’ lepton current.
Experiments like Borexino are sensitive only to vector
NSI that are diagonal in the flavor of the incoming and
outgoing lepton (I =1 =e¢). An analysis based on
Borexino results has already been performed [2], limited
to lepton-diagonal NSI and deriving limits on both the left-
(L) and right-handed (R) NSI coefficients (eL, and €R)).
The complete NSI coefficients, representing in the
Hamiltonian the full effect of NSI corrections, including
the contributions coming from all the possible fermionic
interactions, can be written as the product of a common
(flavor and chirality independent) coefficient and two
factors, yX and y' depending, respectively, on the chirality

and on the charged lepton flavor, that is, ellf = e up'x*.

Due to the presence of the chiral index in Eq. (1), the NSI

corrections can be parametrized in terms of left and right

. HUL/R . ..
coefficients saﬁ/ , which can also be rearranged, giving

NSI vector (V) and axial (A) coefficients, defined as
1
1V/A

In this paper the vector and the axial NSI coefficients have
been studied and relative limits have been recovered
separately for these two extreme cases, focusing on the
scenario in which the charged lepton participating in the
interaction is the electron (/ = ¢) and, therefore, the index [
of Eq. (4) will be omitted in the following.

In this work we are updating and extending the NSI
studies with Borexino data and the main novelties with
respect to the previous analysis [2] are the use of a larger
statistical dataset, with the inclusion of Borexino phase III
data, and, from a theoretical point of view, the extension to
possible NSI off diagonal in the neutrino flavors.

It has already been shown in [2] that the impact of
possible NSI on neutrino production is negligible, while
they can be relevant for neutrino propagation (through
modifications of the oscillation probability in matter) and,
mainly, for the neutrino interaction cross sections in the
detector. Therefore, in this work, we developed a complete
analysis, including all possible sources of NSI related to the
incoming and outgoing flavor of the neutrino involved in
the interaction, deriving explicitly the modified oscillation
probabilities and the modified interaction cross sections. In
this way, we obtained the first fully comprehensive study of
vector NSI with solar neutrino data.

032011-5



V. ANTONELLI et al.

PHYS. REV. D 114, 032011 (2026)

C. Neutrino propagation

In the context of the Hamiltonian formalism, neutrino
propagation is described by the vacuum Hamiltonian
matrix summed to the contribution given by the matter
interaction operator. In order to classify the different
possible nonstandard neutrino interactions we can start
from the following expression for the Hamiltonian ruling
the neutrino propagation in matter and determining also the
interactions in the detector:

H = Hvae + Himan

(00 0
= Uﬁ Am%l 0 UT + 7-[matt' (5)
“\o o am

In Eq. (5), Am%j denotes, as usual, the differences among
the squares of the three neutrino mass eigenvalues. The
matrix U appearing in Eq. (5) is the usual Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) unitary transformation
matrix.

Even in the presence of NSI, only the flavor-dependent
part of the matter potential affects neutrino oscillations.
Flavor-universal NC-like NSI contributions generate a
common phase for all neutrino flavors which can be
removed by a redefinition of the neutrino phases.
Consequently, the effective NSI contribution relevant for
oscillations can be treated as a CC-like matter potential.
The nonstandard interaction corrections are included in the
term H .. Which is a function of the Fermi coupling
constant G and of the averaged electron density in matter
N,. H . can be parametrized in terms of the different NSI
parameters in the following way:

1 +e. Eou  Eer
Ha = ﬁGFNe Epe Eu Eur | (6)

8‘[8 €T

where the coefficients ¢, are the sum of the left and right
contributions. The Hermiticity of the previous Hamiltonian
matrix requires that e,5 = €5, as a consequence the
diagonal terms must be real (e, € R), whereas the off-
diagonal terms must be the complex conjugates of the
corresponding transposed ones,

1+¢, eeﬂe"’ﬁw 8e,e’¢”
7—(matt = \/EGFNe 82/46_@?“ g;m 8/t‘rel¢m . (7)
—ith,: —ip,.
g, €4z b Er

In order to preserve the hermiticity of the Hamilton
operator, in the case of off-diagonal coefficients the left
and right phases have to be equal ¢3;, = Popr,

€aa = €aal T EaaR

gaﬂgi(pa[} — gaﬂLei(paﬂL + gaﬂRel¢aﬂR

= (€qp + faﬁR)ei¢“”- (8)

In the numerical analysis we performed, we adopted the
simplifying assumption of real NSI and, hence, we put to
zero all the ¢, coefficients. This corresponds to assuming
that the NSI coefficients are identical for neutrinos and
antineutrinos and that no additional CP-violating phases
are introduced, while the difference in the matter interaction
structure between neutrinos and antineutrinos is preserved.
In this work, the considered NSI are diagonal in the flavor
of the charged leptons interacting with neutrinos, that is, the
interactions involve incoming matter electrons, and the
outgoing charged leptons are again electrons. In the context
of the introduced Hamiltonian formalism, the different
oscillation probabilities can be computed, as reported in the
Appendix B. In the energy range of interest for the
Borexino detector, the adiabatic approximation used to
compute P,, remains valid, since nonadiabatic corrections
are small, even in the presence of NSI, and do not
significantly affect its evaluation. Even in the presence
of NSI, a genuine violation of adiabaticity would require
finely tuned cancellations that do not occur in the Borexino
energy regime and, in any case, would induce energy-
dependent distortions of the survival probability that are
incompatible with the observed "Be lines and the pep/CNO
spectral data. Within the limited low-energy solar neutrino
range relevant for Borexino data, modifications of P,,
primarily impact the overall event rate, while the spectral
shape, which is important for our analysis, is mostly
determined by the neutrino—electron scattering cross sec-
tion and the associated NSI modifications. Therefore, the
adiabatic approximation can be safely applied in this
energy regime [2], whereas it may introduce significant
biases in analyses related to higher-energy neutrino fluxes
[39]. For example, in our analysis the survival probability
of v, becomes

1
P,,=sin*0; +§cos4 013(1+cos (20,,)cos (201,)).  (9)

0, is the matter mixing angle for the Sun, modified by the
introduction of the NSI parameters,

tan (20,,)

2V a4, - €08 O3 — €1, - sin Oa3)
Am%l sin (2912)

1-¢ -1
% |:1 _ Avr;att( 8) :| , (10)
m7i, cos (26;5)

= tan (26,,) [1 -

where we have introduced the parameter
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FIG. 1. Electron neutrino survival probability P, (E) as a
function of neutrino energy [2].

¢ = —¢el, + €),c08% O3 + el;sin® Oy,

— 2¢,, 8in 03 cos O3, (11)

and e}, = el + €X;. The modified survival probability as a
function of neutrino energy is reported in Fig. 1, obtained
by introducing NSI parameter ¢ = +0.5.

D. Neutrino-matter NSI interaction Lagrangian and
NSI modified cross section

After a Fierz reordering, CC-like NSI operators can be
cast into an effective NC-like form relevant for neutrino-
matter interactions and the interaction Lagrangian includ-
ing NSI can be written as

L= _ZﬁGFZ(DanyLVa)

X [(gaL + 8aaL)(é7”PLe) + (gaR + €aaR>

X (é}/MPRe)] - zﬁGFZ(DayﬂPLUﬂ)
P

x [(eapL)(er" Pre) + (eapr) (27" Pre)]- (12)

The left and right contributions have been split using the
L — R coupling constants defined as

977 + 1 for flavora = e
JaL = o ’ (133)
959 for flavora = u, 7
Jar = 97% for every flavor a. (13b)
The coupling constants are defined as
aa 1 aa aa aa 1 aa a
917 = 5 (91v + 97%)- 91k =5 (91 —9ia)-  (14a)

2 2

At the leading order, the vectorial and axial coupling can be
simply computed,

1 . 1
g7% = — = + 2sin? Oy, ¢4 =—=, (15a)
2 2
where 6y, is the Weinberg angle. As a final result, it is
possible to obtain the explicit form of the L — R coupling

constants,

| .
977 = —5+ sin? Oy, g7% =sin’ Oy,.  (16a)
Starting from the previous results, the NSI-modified v—e
interaction cross section, as a function of the recoiled
electron kinetic energy 7, for a neutrino beam of energy E,,

can be written as

do, 1 Myl
Oup _ ‘ ﬂ| ) (17)
dt 16z (s —m?2)?

where an incoming neutrino of flavor a scatters into a
neutrino of flavor  through its interaction with an electron.
Here M, denotes the corresponding matrix element. In
the relativistic limit with the electron at rest, the
Mandelstam variables are given by s = m2 + 2m,E, and
t =-2m,T. Using dt/dT = —2m,, one obtains

daaﬂ: |Maﬂ|2
dT ~ 32zm2E2’

(18)

The cross section for the interaction of a neutrino of flavor
a with an electron can finally be written in the form,

[(gaL + 6‘ototL)z

¥ Z@aﬁﬂ " [<gaR T oar)?

PFa

S| (1-1)

p#a

- <(gaL =+ €aaL)(gaR + eaaR)

S eanen) ) ()

p#a

: (19)

where the contributions given by the different outgoing
neutrino flavors have been summed up. It is important to
note that the cross section involves only the magnitude of
the NSI parameters. Hence, the choice of real or complex
off-diagonal NSI parameters does not affect the final form
of the differential cross section. The cross section obtained
reduces to the one used in the previous work [2] in the case
of null off-diagonal NSI terms. Using the previous results,
it is possible to obtain the scattered electron spectrum in the
form,
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dR di, |d
__Necbu/dE 4 { O P,..(E)

dr dE | dT
do do
K i)

H B+ Pa®)] . 20)

where the oscillation probability P,z has been introduced.
Including the three-flavors Micheev-Smirnov-Wolfenstein
(MSW) analysis framework it is possible to obtain the
expected recoiled electron spectrum as a function of the
incoming neutrino flux energy.

IV. DATA ANALYSIS

This chapter discusses in detail how the NSI analysis,
based on Borexino Phase-II and Phase-IIl data, is per-
formed. Basically, the electron recoil spectra induced by
each solar neutrino are modified according to NSI and
eventually fitted to the data according to the standard fitting
algorithms used in all the Borexino’s previous analyses.
The most crucial part, and indeed the novelty of the present
analysis consisting of the production of the NSI probability
density functions (PDFs), is discussed in the following
subsections.

A. NSI modified survival probability and
cross sections

As we have largely discussed in the introductory
chapters, NSI has the potential to exert influence on various
aspects of neutrino physics, including production, propa-
gation, and detection. Since Borexino mainly focus on the
elastic scattering process between electrons and neutrinos,
we mainly focus on the detection aspects. The dynamics of
neutrino propagation in a medium is predominantly gov-
erned by vectorial combinations of NSI parameters, rep-
resented as egﬁ = 6‘5/; + effﬂ. The graphical representation in
Fig. 1 elucidates a simplified depiction of the impact of
NSI-induced matter effects on the electron neutrino sur-
vival probability P, (E). Specifically, the parameter &
[Eq. (11)] plays a crucial role in modulating this effect
[49]. As ¢ approaches unity, the matter-induced potential
diminishes, causing P,,(E) to converge towards the sce-
nario where all solar neutrinos are oscillating within the
vacuum regime. In contrast, in the case where ¢ < 0, the
survival probability P,.(E) experiences a reduction as a
function of energy.

As shown in Fig. 2, the NSI alters the kinetic energy
spectrum of recoil electrons. In particular, the figure shows
the distortion of the electron recoil spectrum induced by the

"Be solar neutrino due to nonzero values of eﬁe/R. In this
example the effect of the finite energy resolution of the
detector is not included [2].

The NSI modified cross section with £~/ parametriza-
tion can be expressed using Eq. (19) and can be used to
obtain the electron recoil spectrum as a function of the
incoming neutrino flavor; see Eq. (20). Here we can

L/R
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FIG. 2. Distortion of the electron recoil spectrum taken from [2]
for Be solar neutrino due to nonzero values of e(L,/ R without
detector resolution.

preliminarily observe that e mainly influences the nor-
malization of the recoiled electron spectrum, while &R
mainly influences the slope. Figure 2 shows a vivid
explanation for our conclusion. In the following subsection,
we are going to discuss the next step, that is, the further
change of the electron recoil spectrum after including the
detector response and resolution.

B. Detector response and resolution through
reweighting

Starting from the theoretical electron recoil spectra, the
MC simulates the detector response and resolution on an
event-by-event basis. The Borexino spectrum, as a function
of the energy estimator nhits is typically fitted to MC
PDFs produced with a customized Geant4 simulation, known
in Borexino jargon as G4Bx [50]. Making the same
procedure for all possible distortions of every spectra by
NSI (following the change of each possible & values) is
going to be a cumbersome enterprise with many costs in
terms of computing power and analysis time. Instead, a
faster, but not less accurate, procedure consisting of PDFs
reweighting has been adopted.

A crucial step in this procedure involves manipulating
the PDFs derived from G4Bx to obtain information about
the detector response and resolution. Let Sy(Eg) be the
electron recoil (ER) spectrum of a given solar neutrino
species without any NSI deformation and without detector
response and resolution. The MC PDFs, Syc(Q), as a
function of the observed energy estimator Q (nhits, in
our case), of each species can be understood as a con-
volution with detector response, namely,

Smc(Er) = So(Er(Q)) ® G(Q). (21)

where ER(Q) and G(Q) represent in symbols the detector
response and resolution, respectively. The reweighting can
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Neutrino energy spectrum Er(Q) = Response
o(E) G(Q)= Resolution

|

Electron recoil spectrum
So(Er)
[Standard]

v '

Monte Carlo energy spectrum
Swc(Q@) =So(Ex(Q)) x 6(Q)
[Already simulated, G4Bx]

\ 4

NSI (g)

NSI-distorted recoil spectrum
Snsi(Er)

v
Detector response convolution
Sen(Q) = Susi(Ex(Q)) x Grw(Q)
[MC-based Reweighting]

Detector response
deconvolution =

SD(ER(Q))’1 X SMC(Q) = GRW(Q)

y

| NSI analysis |

FIG. 3. Flow chart of the reweighting process. Starting from the
PDFs of electron recoil spectra simulated with G4Bx, the detector
response is deconvoluted comparing the final energy deposition
to the Monte Carlo truth. The obtained response function is later
convoluted to the NSI-distorted energy spectra. The final spectra
are then used in the NSI spectral fit.

be determined by deconvolving the detector response
Grw(Q), i.e., in symbols,

Grw(Q) = So(Ex(Q))™" @ Smc(Q). (22)

where the negative exponents represent the operation of
reverting the convolution procedure. In general, the decon-
volution is not mathematically defined by a direct analytic
formula; rather, it depends on the type of deconvolution
adopted. In our specific case, since we know the original
simulated recoil energy (MC truth), we can deconvolve the
response function bin-by-bin from the two-dimensional
histogram of nhits (Q) versus Ey.

The final electron recoil spectrum containing the NSI
information, including the detector response and resolution,
is obtained by performing a MC convolution of the NSI-
deformed theoretical spectrum Sygi(Ez) with Grw(Q)
extracted in Eq. (22), namely,

These reweighted PDFs are then utilized to calculate the
expected spectra, which are essential for fitting the
Borexino data in search of any possible nonzero NSI
effect, as a function of the parameters of interest.
Figure 3 illustrates the flow chart of the reweighting
procedure.

Being a novelty of the NSI analysis, the reweighting
procedure has required a modification of the standard
fitting algorithm used in the standard Borexino analysis.
For this reason, the new fitting code (Borexino Fitter, or

Fitter in short) has required a long period of validation,
comparing and contrasting the new results with the pre-
viously published ones, as will be described below.

C. Validation of the fitting algorithm

The NSI analysis of the Borexino Phase-II data has
previously been published [2], providing a valuable refer-
ence for our fitting program. Except for the modifications
required by the NSI analysis, the Fitter is based on the
old Borexino’s traditional fitting algorithm, including
all the features used in the previous publications by the
Collaboration for all the analyses concerning solar neu-
trinos. To constrain the NSI parameters by combining both
Borexino Phase-II and Phase-III data, we have developed a
fitting program utilizing CUDA [51], a parallel computing
platform and application programming interface (API)
model developed by NVIDIA [52].

The Fitter validation steps will be discussed in the
following subsections.

1. Spectra fitting of Phase-II and Phase-III without NSI

The initial validation in our analysis program involved
fitting the spectra without NSI effects. The results of this
spectra fitting process have been previously documented in
[10,13]. Building upon this foundation, we conducted a
similar fitting analysis without accounting for NSI while
using our newly developed fitting program. Subsequently,
we compared our results, specifically focusing on the event
rates for each spectral component, with the previously
published findings. The Phase-II and Phase-III energy
spectra obtained from our fitting procedure are depicted
in Fig. 4 separately with corresponding residuals for each
spectrum shown below. The fitting procedure are applied
on both the TFC subtracted and tagged spectra of each
phase. Through a meticulous bin-by-bin cross-check, we
found that our fitting results align closely with the
published ones at a high-precision level of 107°.

2. Cross check with previous NSI analysis

Our aim is first to replicate the same analysis strategy as
outlined in [2] and to compare the constrained results.
Reference [2] reports the NSI constraints based on
Borexino Phase-II data, specifically focusing on the fla-
vor-diagonal terms of NSI parameters eﬁe/ R and ef,/ R One
minor deviation is our choice to utilize MC simulation to
model the detector response due to the progressive loss of
PMTs and the corresponding change in detector perfor-
mance, in contrast to the analytical functions used in the
previous NSI analysis. Reference [10] reports a detailed
systematic effect discussion about analytical/MC methods
for detector performance and prove that they are consistent
with each other in the spectra fitting within uncertainties.

Figure 5 shows the —2A In L profiles of sIge/ R from this work
and the previously published NSI constraint. Based on the
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FIG. 4. The full multivariate fit results for the TFC-subtracted and TFC-tagged spectra of Borexino Phase-II and Phase-III energy
spectra with corresponding residuals below. The separate neutrino spectra and total fit spectrum are shown with red curves while other
components are displayed with different colors. The fitting procedure are applied to both the TFC subtracted and tagged spectra of each
phase. The dataset duration, the fiducial volume, and the veto strategies applied are introduced in Sec. I B. The obtained results are
consistent with the published ones as can be inferred from the residuals.

dataset, we produce similar constraints for eﬁe/ R The results
are basically compatible at a level better than 1o, as it can
be inferred from the —2A In L profiles, except for a small
deviation originating from the different detector modeling
methodologies, already observed in many past analyses as a
source of systematics.

D. Choice of fitting parameters

Generally speaking, distinct sets of fitting parameters are
required for each solar neutrino flux, background compo-
nent rate, and NSI coefficients when fitting data from both
Phase-II and Phase-III. When amalgamating the datasets
from these two phases to constrain NSI effects, certain
fitting parameters can be shared between the two datasets.

It is assumed that the neutrino fluxes and NSI coefficients
do not change over time, thereby allowing for the sharing of
these specific fitting parameters across both Phase-II and
Phase-III datasets. In contrast, parameters related to back-
ground rates and coefficients describing backgrounds are
treated separately, as they are not consistent across the
two phases. There are three kinds of fitting a total of 44
parameters in our analysis:

(1) NSI parameters: A range of 12 NSI coefficients
eff/}(aﬁ = ee, ep, et, pp, ut,77; X = L/R) are em-
ployed as fitting parameters according to our analy-
sis strategy outlined in Sec. VA and Sec. V B.
Depending on the specific analysis procedure, the
NSI parameters can be adjusted accordingly;
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FIG. 5. Comparison of one-dimensional profiling e5/® based on the Phase-II only data, the solid lines represent our result and the

dashed lines show the published constrain [2]. Similar constrain sensitivities for efe/ R are obtained, the minor deviation in the profiles
comes from the different detector modeling methodologies. This is due to the negligible systematic uncertainties in modelling detector
performance, such as light yield and energy resolution, present in both the fine-tuned MC-based detector response from this work and

the analytical method used in the previous NSI analysis.

(i) Solar neutrino fluxes: We considered five solar
neutrino fluxes: pp.® B, CNO, Be, pep. While fit-
ting Phase-II data, pp, pep.® B, Be, and CNO solar
neutrino are considered in our analysis, instead, for
fitting Phase-III data, pp solar neutrino is excluded
as [13] suggests. In Phase-IIl indeed, the loss of
PMT and the consequent loss of resolution does not
allow us to fit the very low-energy region. Since we
have mentioned that the neutrino fluxes are assumed
to remain constant for Borexino Phase-II and Phase-
III, we can use the same solar neutrino flux param-
eters while fitting different datasets;

(iii) Backgrounds: A total of 25 background coefficients
have been employed. For Phase-II data: '“C, ''C,
19C, SHe,?'%Po, %Kr, 2!°Bi, 29%T1, 2!4Bi, “K, and
moreover we plus an additional fitting parameter to
describe '“C pile up and two additional for TFC
subtracted 2!°Po, ''C. Therefore there are totally 13
background parameters for Phase-II data. Phase-III
data share the same strategy, but '“C and pp solar
neutrino are not considered since low energy parts
including '“C and pp are not used for Phase-III
spectra fitting; an additional parameter is added for
the migration of 2!°Po, as a result of which there are
12 background parameters for Phase-III. On an
event-by-event basis, solar neutrino-induced events
are indistinguishable from background events
caused by decays of f and y in the scintillator.
Those backgrounds are divided into three types:
internal backgrounds, external backgrounds, and
cosmogenic backgrounds. The main source of in-
ternal backgrounds are gammas from isotopes con-
tained in the liquid scintillators, such as 3Kr and
219bh subchain. As for external backgrounds, there
are two sources; gammas from isotopes in the

surrounding environment such as 2%°TI, 21“Bi, 4K,
and cosmogenic backgrounds such as ''C, '°C,
%He: and

(iv) Two coefficients used for the 8Kr penalty for Phase-
IT and Phase-III. These two fitting parameters were
free to fluctuate between [0, 1] as the detection
efficiency of 83Kr if applying #*Kr penalty. When the
penalty is neglected, these two parameters are fixed
at zero.

E. Independent penalties on backgrounds and
solar fluxes

The NSI analysis has been improved considering inde-
pendent pieces of information on some specific back-
grounds, available thanks to the longstanding strategies
developed by the Collaboration in previous important
analysis. In particular, in the region of interest of the
NSI fit, two important contaminants can play a special role;
210Bj and ®Kr. Both the energy spectra of these f-emitters
are, with different degrees, degenerate in shape with the
electron recoil spectra of solar neutrinos, therefore an
independent prior of them can constrain the resulting
degeneracy in the spectral fit. Independent constraints on
those specific contaminants are reviewed and described in
the following subsections.

Finally, the independent constraint on solar neutrino
fluxes from the Standard Solar Model (SSM), crucial for
gaining the NSI sensitivity, especially for contributions
resulting only in an overall normalization effect, is
described in the last subsection.

1. 2%Bi penalty

The ?'9Bi activity can be independently constrained
through the secular equilibrium after the completion of
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TABLE III. The values of parameters in ®Kr penalty for Borexino data. The listed parameters represent the
physical quantities for the Poisson likelihood and for the expected number of events. The ®Kr background is
measured for Phase-II and Phase-III separately, therefore the parameters of 8°Kr penalty are different for these two
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phases.

Dataset k b m (tonnes) T (days) €BR Edet o Rate (cpd/100t)
Phase-II data 7 0.69 156.17 1307.3 0.43% 19.72% 15% 6.70
Phase-III data 6 0.54 156.17 1570.7 0.43% 8.03% 15% 6.56

the thermal insulation and temperature control system
(Phase-III). The quantity of >!°Bi present in the scintillator
is determined by the minimum value of the >'°Po rate
R(*'%Po,;,) within the so-called low polonium field, as
expressed by the relationship,

R(*"Po,in) = R(*'%Bi) + R(*'°Po"),

where the rate of 2!°Bi is equivalent to >'%Po’ (*>'°Po from
the scintillator) according to secular equilibrium. Since
210poV (210Po from the vessel) is consistently positive, the
210pg, . value provides an upper bound for the ?!°Bi rate
with the yield R(?'°Po,;,) = 10.8 £ 1.0 cpd/100t [53].

2. 85Kr penalty

The quantity of 33Kr-coincidence events generally
depends on the specific cuts applied and the exposure
duration. Due to the limited number of 8Kr candidates, the
Poisson likelihood method is employed for its penalty
assessment. The initial expression of the Poisson likelihood
is given by

—log(L), = —k-log(A+b) +logl(k + 1) + (A + b),
(24)

where k represents the observed number of events, b is the
expected number of background events, and A denotes
the expected number of signal events, which can be
expressed as

/?,:R'm'T'SBR'E'det. (25)

Here, R is the rate of ®Kr, m - T is the exposure, gy is the
branching ratio and ¢4 is the detection efficiency.

To account for systematic uncertainties in the selection
efficiency of coincidences, we introduce a nuisance param-
eter € and incorporate a pull term. The modified likelihood
function is defined as

—log(L), = [-k-In(A-e+b) +InT'(k+ 1)

+(h-e+ D)+ (e _21)2 : (26)

O¢

where o, represents the precision of the efficiency param-
eter &.

Table III presents the values of the 8Kr penalty param-
eters for Phase-II and Phase-III data.

3. Standard Solar Model penalty

Since some of the NSI deformations are degenerate with
the absolute solar flux normalization, a reasonable inde-
pendent constraint on solar fluxes is necessary. For this
reason, we add penalty factors to constrain neutrino fluxes
to SSM predictions [54], whose uncertainties for many
fluxes are larger than the experimental errors available
today. In particular, we adopted the B16(GS98)-HZ SSM
(high metallicity model) to constrain solar fluxes according
to Table IV in our likelihood function. The penalty term
reads,

(9 _ ¢)SSM)2

ey |

L(Kle.6) - L(K|e.6) - [ [ exp l_

where 6, represents the floating value of the neutrino flux
®,, ®FM is the expected flux from the SSM prediction.
Ogssm 1s its uncertainty that results from theoretical uncer-
tainties of the SSM.

F. Likelihood construction

To effectively constrain NSI parameters that take ad-
vantage of data from Borexino Phase-II and Phase-1I1, it is
imperative to formulate a robust likelihood function that
integrates the effects of NSI. The MC-based PDFs of the
energy spectra predicted for the Phase-II and Phase-III
datasets are produced with G4Bx for each component. The
next phase involves including the impact of NSI on these
PDFs according to Sec. III. Subsequently, the NSI-induced

TABLE IV. The solar neutrino fluxes with uncertainties used in
this work, which are predicted by HZ-SSM’s [54]. Units are
10'%(pp), 10°("Be), 108 (pep, CNO) cm™2s7!,

Flux, ®, B16(GS98)-HZ
pp 5.98(1 4 0.006)
pep 1.44(1 +£0.01)
"Be 4.93(1 4 0.06)
CNO 4.88(140.11)
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alterations in the cross section can be convolved with the
detector response and resolution (reweighted), obtained
from the MC simulation, to compute the final PDFs for the
spectral analysis. The resulting log-likelihood to be maxi-
mized reads,

In Lio = In L(exst)pper-n + In E(gNSI)TFc{;g“

+1In L(enst)rrerzm + In L(exst) trcy;m

+ In ﬁ?pSM + In [’penaltyv (28)
where
I =Y+ R, + LY. (29)

Summarizing, as for the previous Borexino analyses, the
log-likelihood is built in a way of fitting simultaneously the
TFC tagged and subtracted spectra for both phases, while
constraining contaminants and solar fluxes as described
above. The term £3°M denotes the Gaussian-like likelihood
functions derived from the SSM [54] penalty. The loga-
rithmic penalty term, In Lepayy, represents the cumulative
sum of independent penalties applied to the backgrounds,
as detailed in Sec. IV E. Table IV presents the predicted
fluxes along with their corresponding uncertainties for each
solar neutrino component incorporated into our likelihood
function. In particular, the flux of 8B solar neutrinos is fixed
to the SSM prediction, as the Borexino detector lacks
sufficient sensitivity to constrain this parameter independ-
ently. The comprehensive formulation of the likelihood
function has previously been discussed in [10,13]. The cost
function to be minimized in our fitting procedure is defined
as —21In Ly, where In L, is the sum of all the terms of
the aforementioned likelihood function.

V. RESULTS

The predicted Phase-II and Phase-III TFC subtracted/
tagged spectra are calculated by determining each compo-
nent’s contribution separately and then summing them up
together. Here, the contribution of each component is
calculated as follows:

TFC TFC TFC
Rsub/tag x eXposuresub/tag X PDFsub/tag’ (30)
where the R[,, denotes the rate of each component

before and after TFC subtraction. For the Phase-II data, the
rates of TFC-related backgrounds are modeled separately
for the subtracted and tagged spectra, whereas all other
background rates are treated as common parameters shared
between the TFC-subtracted and TFC-tagged samples. The
same treatment is applied to the Phase-III data. Since the
solar neutrino fluxes are assumed to be time independent,
the corresponding solar neutrino rates are shared between
the Phase-II and Phase-III datasets and are calculated using

the flux values listed in Table I'V. The exposure is calculated
by the effective target mass times the effective data taking
time, which is separately measured for TFC subtracted and
tagged spectra. The PDFs is the probability density dis-
tribution as a function of Nhits for the corresponding
component, which is simulated by G4Bx and the solar
neutrino PDFs (except for ®B solar neutrino) are reweighted
to include the NSI effect. The background PDFs are
considered independently between Phase-Il and Phase-
III, and are also independently treated for TFC subtracted
and tagged spectra.

The fitting program used demonstrated exceptional
performance in independently replicating the Phase-II
and Phase-III spectrum analyzes. In order to facilitate
concurrent NSI analysis of the Phase-1I and Phase-III data,
we initially deactivated the NSI and amalgamated the
likelihood functions to assess the program’s performance
in simultaneously fitting both phases of data. The param-
eters common to the cost functions of Phase II and Phase III
are the neutrino fluxes and NSI parameters, as they are
assumed to remain constant over time. Upon combining the
data spectra from Phase-II and Phase-III, the error of
neutrino fluxes decreased, while the mean values for all
the fitting parameters remained stable after the combina-
tion. The NSI analysis results obtained from the Phase-II
and Phase-III datasets for different theoretical scenarios are
presented below.

A. e/ parametrization

el/R parametrization has been widely discussed in the
literature and modifies the scattering cross section as
Eq. (19). To enable a detailed comparison with the previous
Borexino NSI analysis, we first performed the NSI analysis
using Phase-II and Phase-III data separately. Figure 6
illustrates the two-dimensional constraints at a 90% CL

for the NSI diagonal parameters 856/ Rﬂ (ef,,fR are aleady

fixed to O from [42]) based on the Borexino Phase-II (top)
and Phase-III (bottom) spectral data. SSM flux penalties are
applied during the separate fit of each phase, following
Ref. [2]. The additional ?!°Bi penalty discussed in Sec. IV E
is applied only to the Phase-III data, as in Ref. [13]. The
85Kr penalty is not included here, which is consistent with
the treatment of 3Kr in Ref. [2]. While focusing on NSI
diagonal terms, we simplify e%R (a=e,pu1)to 85/ R(a =
e,u,7) as [2] for better comparison. The NSI constraints
from Phase-III only are relatively looser compared with
Phase-II data due to the lack of low-energy region spectra
for Phase-III. Notably, two local minima are observed for
55/ R, as the combinations of eﬁ/ R at these minima exert
identical effects on the neutrino-electron elastic scattering
cross sections. Phase-III data provide enhanced sensitivity,
effectively distinguishing between these two local minima.

For the ef/ R contour using Phase-IIl data, a forbidden
region is enclosed by the 90% CL allowed regions due to
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FIG. 6. 90% CL allowed regions for NSI parameters in eﬁg/ R and ef,/ k plane. Other NSI parameters are fixed to zero. The top plots show
our results based on Phase-II data only with the same penalties as [2] did, while the plots at bottom show the constraints based on Phase-

[T data only. The disfavored region in the middle of the ef,/ R contour from Phase-III data is due to the 219Bi penalty applied in the Phase-

I analysis.

the penalty applied to >'°Bi in the Phase-III data analysis
[13]. Typically, modifications to the cross section from ek/R
are counterbalanced by other components during fitting.
However, the 2'Bi penalty rejects this compensation,
resulting in an increased cost function minimum while
the fitting converged, which ultimately manifests itself as a
forbidden area within the 90% CL allowed regions.
Figure 7 displays the 219Bi rate contour on the £~/ plane
for Phase-III only analysis. We can observe a preferred high
rate of 2!%Bi exactly among the forbidden region on e-/%
plane from Phase-III data. This high rate of 2!°Bi comes
from the compensation of NSI effects on CNO neutrino
predicted spectra and the interplay with the Phase-III 2!°Bi
penalty. After canceling the 2!°Bi penalty, the forbidden

region in Phase-II1 ¢~/ 90% CL contour will disappear as
Fig. 8 shows.

Following the same analysis strategy, we can combine
Phase-II and Phase-III data by adding up the corresponding

FIG. 7. Contour for the rate of 219Bi on ef‘/ R plane after the
fitting converged with 2!°Bi penalty applied. A high ?'°Bi rate is

preferred at certain region and results in a rejected area of

/

90% CL allowed regions on e/k plane.
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likelihood functions together with the penalties in
Sec. IVE. ®Kr penalties are not included for better
comparison with [2] results. After combining, the con-
straints has been improved markedly compared with Phase-
IT only, as seen in Fig. 9.

The 85Kr penalty term plays a crucial role in excluding
one of the two local minima on &-/% plane. Details of 8Kr
penalty have been discussed in Sec. IV E. The Phase-II and
Phase-III combined result for the two-dimensional 90% CL
contour of /% and £X/® with/without $5Kr penalty has
been displayed in Fig. 10. All the other NSI parameters
were fixed to zero for each contour. The red-shadow region
shows the 90% CL region for NSI parameters from
conbining Borexino Phase-II and Phase-III data while
the green shadow region shows the same result after
applying ®Kr penalty. There is a peaking structure in
85/ K 90% CL region, which means at this peaking region
the Ay? is larger than 90% CL region permitted. With 83Kr
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FIG. 9. Log-likelihood profiles comparison for the NSI parameters eb/R (above) and eL/R (below) from Phase-II data and Phase-II

combined with Phase-III data. The profiles are obtained considering one NSI parameter at a time while other NSI parameters are fixed to
0. 3Kr penalties are not included while profiling.
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FIG. 10. Comparison of 90% CL contours for bR and /R

(green) and without it (red). Applying the 83Kr penalty successtully excludes one local minimum on the e

constraints.

penalty applied, the 90% CL region far from SSM in sﬁ/ K

contour disappeared. In addition, the other 90% CL region

are better constrained. For ef /R two-dimensional contour,
the #Kr penalty makes the peak structure slightly larger. In
summary, the penalty of 3Kr helps with constraining NSI
parameters based on current analysis procedure. After
combining the Phase-II and Phase-III data, with separate
85Kr penalties applied to each phase and the '°Bi penalty

applied only to Phase-III, the 90% CL allowed region for

eb/R s significantly reduced. The constraint on -/ results

also improved. Figure 11 presents the constraints on the
L/R L/R . . .
parameters &, and &’ derived from various experi-
ments, including previous results from Borexino [2] and
this work. The LSND experiment exhibits a higher sensi-
tivity to e&, while the TEXONO experiment demonstrates a

higher sensitivity to eX. Previous Borexino measurements
have already improved the sensitivity to both 85/ R and this
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P
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based on combined Phase-II and Phase-III data, with the 8Kr penalty

/R plane and improves overall

work further refines these constraints, resulting in an
intersection with the findings of the other three experi-
ments. For sf/ R, this work also advances beyond the
previous Borexino constraints. In particular, it delineates
a 90% confidence level region of rejection, attributed to the
210Bj penalty effect. This phenomenon has been thoroughly
examined in Sec. IV E, providing a comprehensive under-
standing of its impact on the parameter space. This work
strengthens existing constraints and also bridges the gap
between different experimental results, offering a more
unified and precise understanding of the ranges of allowed
L/R L/R
parameters for &' and &/ ".

Based on the analysis strategy established in this work,
the NSI study can be extended to include all diagonal
NSI terms.

The two-dimensional contours for the diagonal NSI
parameters 85/ R, e,e/ R, ef/ R are shown in Fig. 12. For each
contour, all off-diagonal terms are fixed to zero, while the

0.8t 90% CIL (2d.of) |

LEP i
0.4f |

0.0 - A~~~
e

© 04}

—0.8}

—-12¢

202 02 06
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FIG. 11. 90% CL allowed regions for NSI parameters in e5/® (left) and e-/% (right) from global experiment and this work, other NSI
parameters are fixed to zero. Constraints from LSND [56] and TEXONO [57] on 85/ R and Constraints from LEP [58] on ef /R are shown

for comparison.
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FIG. 12. Contours for diagonal NSI parameters ssﬁ/R(

a = f§ = e, u, 7). Each plot show a two-dimensional allowed confidence regions

at 90% and 95% (for 2 d.o.f., using two-sided intervals Ay? = 4.61, 6.18) for different NSI parameter combination. In each panel, the
results are obtained after minimizing the cost functions over the other parameters not shown.

remaining diagonal terms are allowed to float and are
marginalized accordingly. The confidence contours indi-
cate that the diagonal NSI parameters are constrained to be
of order unity, i.e., at the level of approximately 1-2 or
smaller.

A hint that the shape of certain contour plots is not an
artifact comes from the observation that this (rectangular)
deformation appears exclusively in plots comparing left-
and right-handed parameters. A similar deformation is also
observed when comparing axial and vector couplings with
diagonal flavor indices. The origin of this effect can be
traced back to the analytical structure of the neutrino-
electron scattering cross section. In particular, the cross

section contains terms proportional to the product of the
left- and right-handed & parameters. This can lead to
degeneracies in the correlations among the many free
parameters, making it challenging to disentangle the
individual contributions through marginalization and
potentially resulting in distortions of the contour plots.
In the next step we extend the NSI analysis to all 12 NSI
parameters, including all the diagonal and off-diagonal
terms. Table V summarizes the most stringent constraints
on NSI coefficients from global experiments. These results
are obtained by varying one parameter of interest at a time
while fixing all other NSI parameters to zero (the “1
Parameter” case). In the “marginalized” case, all relevant
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TABLE V. Constraints at 90% CL on the NSI coefficients £/® from [55] and other experiments. The “1 parameter” column shows the
constraints when only one NSI parameter is considered at-a-time, while the “marginalized” column displays the constraints on one NSI
parameter after marginalizing over the other five purely left- or five purely right-handed NSI parameters. This “marginalized” scenario
provides a representative but reduced set of operators where only operators involving electrons of a given chirality are obtained.

90% CL region

90% CL region

1 Parameter Marginalized (pure left) 1 Parameter Marginalized (pure right)
ek, [-0.035,0.032] [2] [—1.48,0.09] R, [0.004, 0.151] [2] [-0.53,0.09]
e, [-0.17,0.29] [-0.78,0.75] 8, [-0.21,0.41] [-0.43,0.42]
ek, [-0.26,0.23] [-0.81,0.79] eR. [-0.35,0.31] [-0.39, 0.43]
ek, [—0.03,0.03] [58] [-1.59,2.21] X, [-0.03,0.03] [58] [-1.26,0.77]
ek [-0.62,-0.52] @ [-0.09, 0.14] [-1.95,1.91] ek [-0.26,0.23] [-1.10, 1.03]
ek, [-0.11, 0.67] [2] [—2.00, 2.60] eR [-0.3,0.4] [58] [—-1.45,1.04]

NSI parameters are allowed to float freely. Specifically,
marginalization is performed over six parameters simulta-
neously, assuming either exclusively left-handed or exclu-
sively right-handed NSI. For the “1 Parameter” case, the
strongest bounds on eé/ R and ek are obtained from
Borexino Phase-II data [2], while the most stringent limits
on 8,6/ R and eR originate from a combined analysis of
reactor, CHARM II, and LEP data [2]. In the “margin-
alized” case, the constraints are generally weaker than those
in the “1 Parameter” case, as expected for the increased
freedom in the parameter space. All the listed constraints in
the “marginalized” case are derived from [55] using
Borexino Phase-II spectra data.

The constraints on all the NSI coefficients ¢*/** obtained
from this work are summarized in Table VI. The extended
dataset of Borexino has improved the constraints to all £-/%
parameters under “1 Parameter” scenario and firstly extend
the “marginalized” scenario from 6 NSI parameter space to
12 with all other 11 NSI parameters fluctuated freely during
marginalization.

Figure 13 presents the constraints for all the combination
of total 12 NSI coefficients with /% parametrization. In
each panel, the two-dimensional allowed confidence
regions at 90% and 95% (for 2 d.o.f., using two-sided

intervals Ay?> = 4.61, 6.18) are shown for different NSI

L/R

L/R

TABLE VI. Limits on the NSI coefficients &

parameter combinations. The results in each panel are
obtained after minimizing the cost functions over the other
parameters not shown, allowing them to vary freely during
the fitting minimization. With all the 12 £/ included in
this analysis, Borexino extended dataset can constrain the
NSI parameters at the level of 1-2 without reducing the
overall NSI parameter space.

B. £V/4 parametrization

For the £"/4 parametrization, axial NSI v-e operators are
characterized by the property,

L _ R
8(1/} - eaﬁ'
L R L R
: : vV _ fyptiy _ Eptyp
In this scenario &), = -5 ,ej}/} =<  The

oscillation probability remains unaffected by the intro-
duction of NSI perturbations. This is because the
NSI-matter Hamiltonian matrix, which influences the
oscillations, is identically zero. This matrix, as
described in Eq. (6) and Eq. (7), is constructed by
summing the left and right contributions. Consequently,
neutrino oscillations are insensitive to the introduction
of axial NSI perturbations.

The results of the analysis in this context can be
represented by comparing different NSI parameters in

obtained from this work. The “1 Parameter” column shows the constraints when only

one NSI parameter is considered at-a-time as done in [55] did. The “marginalized” column, however, displays the constraints on one NSI
parameter after marginalizing over all the other 11 left- and right-handed NSI parameters. Compared with [55], this “marginalized”
scenario represents a more general case where all NSI parameters are allowed to vary freely.

90% CL region

1 Parameter Marginalized (left-right mixed)

90% CL region

1 Parameter Marginalized (left-right mixed)

ek, [—0.027,0.024] [—1.47,0.04]
ek, [—0.085,0.27] [~0.63,0.63]
eL, [~0.075,0.28] [~0.62,0.62]
ek, [~0.30,0.29] [—1.01,1.61]
ek, [~0.20,0.20] [—0.84,0.84]
ek [—0.28,0.26] [—0.86, 1.45]

2
=

ek, [~0.027,0.13)] [~0.73,0.33]
ek, [-0.32,0.18] [-0.53,0.53]
ek [-0.33,0.16] [-0.52,0.52]
ek, [-0.48,0.47] [—1.13,0.66]
ek, [-0.32,0.32] [~0.63,0.63]
eR [~0.44,0.43] [-1.07,0.57]

T
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FIG. 13. Contours for total 12 NSI parameters esﬂ/R (a,p = e, u, 7). The panels show the two-dimensional allowed confidence regions
at 90% and 95% (for 2 d.o.f., using two-sided intervals Ay? = 4.61,6.18). In each panel, the results are obtained after minimizing the

cost functions over the other parameters not shown.

pairs, after marginalizing the probability over the other
parameters not shown. The marginalization process
involves integrating the probability over the parameters
that are not considered, allowing them to vary freely within
the parameter space.

The vectorial NSI operators can be expressed as

L _ R
Eqp = Eqp-

In this condition, NSI can affect both the matter potential
felt by neutrinos in propagation and the elastic scattering
process in detection.

Table VII summarizes the constraints on &"/4 parameters
from [55] based on Borexino Phase-II spectra data. As before,
results are for the “1 Parameter” and the “marginalized” over
the pure axial/vectorial NSI parameters, see Figs. 14 and 15.
Compared with constraints from [55], Table VIII also summa-
rizes the constraints on £"/4 from this work. The “1 Parameter”
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TABLE VII.  Current reported constraints on £"/4 parameters from [55] based on Borexino Phase-II spectra data.
The “1 Parameter” column shows the constraints when only one NSI parameter is considered at-a-time, while the
“marginalized” column displays the constraints on one NSI parameter after marginalizing over the other pure axial/
vectorial NSI parameters. This “vectorial” case represents both left- and right-handed NSI operators are generated
with same strength and same signs, while the “axial” case represents both left- and right-handed NSI operators are
generated with same strength but opposite signs.

90% CL region 90% CL region

1 Parameter Marginalized 1 Parameter Marginalized
Y, [-0.09,0.14] [-1.05,0.17] e, [-0.05,0.10] [-0.38,0.24]
e,‘fﬂ [-0.34,0.61] [-0.83,0.84] g;‘” [-0.30,0.43] [-0.79,0.76]
ey [-0.48,0.47] [-0.90, 0.85] el [-0.40, 0.38] [-0.81,0.78]
5}{,, [-0.51,0.35] [-2.38,1.54] e;‘,, [-0.29, 0.19] & [0.68, 1.45] [-1.47,2.37]
e/‘f, [-0.25,0.36] [-2.07,2.06] g;‘}T [-1.10,-0.75] & [-0.13,0.22] [-1.95,-1.91]
ey, [-0.66,0.52] [—2.85,2.04] A [-0.40, 0.36] & [0.69, 1.44] [-1.82,2.81]
TABLE VIII.  Limits on the NSI coefficients £"/4 obtained from this work. The “1 Parameter” column shows the

constraints when only one NSI parameter is considered at-a-time, which is the same as [55] did. The “marginalized”
column, however, displays the constraints on one NSI parameter after marginalizing over all the other 11 axial and
vectorial NSI parameters. Compared with [55], this “marginalized” scenario represents a more general case where
all NSI parameters are allowed to vary freely.

90% CL region

90% CL region

1 Parameter Marginalized 1 Parameter Marginalized

ey, [-0.053,0.063] [-1.97,0.19] [-0.073,0.039] [-1.47,0.48]

&by [-0.18,0.37] [-0.97,0.97] [-0.14,0.44] [-0.94,0.85]

ey [-0.15,0.36] [-0.96, 0.96] [-0.13,0.46] [-0.95,0.83]

e [-0.66,0.59] [-1.70, 1.96] o [-0.47,0.47] [-1.96, 1.96]

En [-0.43,0.43] [-1.23,1.23] e [-0.32,0.32] [-1.18,1.18]

ey, [-0.60, 0.55] [-1.65,1.67] A [-0.43,0.43] [-1.78,1.78]
>w% ' . A2 =461 <w°:’- ) A2 =461
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FIG. 14.  90% and 95% CL region for two-dimensional contour of pure " (left) and pure &* (right) scenario. For each contour, other
NSI parameters are freely fluctuating while marginalizing.
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FIG. 15. Results for vectorial NSI (ex/, = eéﬂ + e{fﬂ), the central panels show the two-dimensional allowed confidence regions at 90%
and 95% (for 2 d.o.f., using two-sided intervals A)(z =4.61, 6.18). In each panel, the results are obtained after minimizing the cost

functions over the other parameters not shown.

case also shows improments on the constraints for vectorial and
axial parameters, while the “‘marginalized” case shows a more
general scenario where all the other 11 NSI parameters are
allowed to vary freely during marginalization.

VI. CONCLUSIONS

In the present work, we search for deviations induced by
NSI from the standard neutrino interaction paradigm,

generalizing the previous analysis of the Borexino
Collaboration [2]. Specifically, we investigate nonstandard
neutrino-electron interactions in the most general scenario,
including off-diagonal NSI parameters. Borexino is sensi-
tive to a total of 12 NSI parameters when considering NSI
with electrons; six parameters involving left-handed neu-
trinos interacting with electrons (with coefficients séﬁ)
and six parameters involving right-handed neutrinos (with
coefficients £f).
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NSIs are widely explored as a possible portal to new
physics beyond the SM, given the peculiar role of neutrinos
themselves in motivating the need for more fundamental
explanations of their nature and of the logic by which they
are classified within the standard paradigm.

Borexino has previously explored NSI couplings in a
publication that included the Phase-II dataset [2]. These
results are now cross-checked using a new MC-based
approach that relies on probability density function
reweighting. This new method provides greater flexibility
and overcomes the challenges of the old analytical
approach in Phase-III, where the significant loss of
PMTs and the resulting decline in detector performance
make the analysis more complex. After validating the new
analysis tool, we extend the study to the new dataset with
increased statistics.

Based on Borexino Phase-II data, the work in [2] has
already presented the two-dimensional NSI allowed region
for representative cases. In this analysis, the sub-leading
effects from the off-diagonal NSI parameters in Eq. (19) are
ignored and &, (X = L/R) is set to zero, following con-
straints from the v, scattering experiment CHARM II [42].
Thus, attention is restricted to the remaining four param-

eters; eﬁe/ R and eI;T/ R Furthermore, when plotting the two-
dimensional allowed region for efe/ L, the parameters sf,/ R

are fixed to zero. Figure 11 presents the allowed region for

NSI parameters in the sﬁg/R plane, following the same

analysis strategy as in [2] after combining Borexino Phase-

II and Phase-III data. The 90% CL contours for sﬁe/ R has
been restricted to a narrower region compared with the
. . . . L/R
previous analysis while the constraints on &7/
improved following the same analysis strategy.
As Eq. (19) suggests, eﬁﬂ mainly modifies the normali-

zation of neutrino events, while efﬁ mainly influences the

are also

shape of the event spectra. Consequently, Borexino
spectral data provide information to constrain NSI when
fitting with an NSI-included theory. The overall con-
straints on diagonal terms are further improved com-
pared to the previous analysis, and the strong
dependence on independent constraints from ®Kr and
219Bj is extensively discussed. In particular, the levels of
these contaminants are determined more accurately by
incorporating the full dataset, leading to reduced stat-
istical uncertainties.

Finally, for the first time, we present a full analysis that
includes all diagonal and off-diagonal NSI parameters (six
left-handed and six right-handed). Moreover, after redefin-
ing the NSI parameters, we consider six vector and six axial
parameters, obtained as linear combinations of the left- and
right-handed ones. The full analysis is conducted by
considering pairs of parameters while allowing the others
to float in the parameter space. Constraints on both
diagonal and off-diagonal NSI parameters obtained in
this work has shown a global improvement compared with

the previous analysis with considering one parameter
at-a-time. Taking advantage of the extended dataset and
the MC reweighting method with GPU accelerating, we
are able to constrain all the 12 NSI parameters at the
level of O(2) using different parametrizations without
reducing the overall NSI parameter space. Despite the
larger allowed regions for NSI parameters with “margin-
alized” scenario using full parameter space, the Borexino
spectral fit is able to accommodate them simultaneously,
showing no substantial or significant deviation from their
null values.

In summary, beyond the improvement of the constraints
on NSI parameters, the main outcome of this work is the
realization of the first fully general analysis of neutrino—
electron NSI with solar neutrinos using the complete
Borexino dataset. This study consistently includes all
diagonal and off-diagonal NSI parameters within a unified
framework, providing a comprehensive exploration of the
accessible parameter space. In this sense, the present result
represents a legacy measurement of Borexino in the field of
nonstandard neutrino interactions, establishing a reference
benchmark for future investigations with next-generation
neutrino experiments.
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APPENDIX A: PONTECORVO-MAKI-
NACAGAWA-SAKATA MATRIX

The PMNS matrix can be expressed in terms of the
mixing angles governing the vacuum oscillation pattern,
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where A; are the Gell-Mann matrices, A is the CP violation
phase matrix, ¢;; =cos6;; and s;; = sin6;;. The three
different  rotation matrices are usually named
R23 = €l92327, R13 = 616]315, and R12 = 619'2/12.

APPENDIX B: NSI MODIFIED SOLAR
NEUTRINO OSCILLATION PROBABILITY

In the Hamiltonian picture the evolution of a neutrino
state is described by the Schrédinger equation In the case of
solar neutrinos, the oscillation probability can be obtained
by considering the propagation through solar matter, then
through vacuum, and finally through terrestrial matter. The
oscillation probability is obtained as the squared of the
transition amplitude,

[(wplva(O) = |Agsl®

Z(Afk) exXp (‘lZEk L>A£/3

k

P(lﬂ = |A(1/1|2 =

2
., (Bl)

where AZ,_is the transition amplitude for a neutrino vacuum
mass eigenstate k to a flavor « inside Earth, whereas Afﬁ is
the same inside the Sun, that is the transition amplitude for
a f flavor eigenstate in a k vacuum one. The Greek index
indicates the sum over the 3 flavor eigenstates and the latin
index k stands for the sum over the corresponding mass
eigenstates,

mi
—is kL
g g jke U -

Considering that neutrinos are produced in the electronic
flavor inside the Sun, the final form of the electronic
neutrino survival probability becomes

ZIA [AGL

Am
+2> AE AL AS AY cos< 3L, by 5) (B3)
k>j

Aaﬁ = l/ﬂll/ (B2)

= A, =

where T is the hermitian adjoint operator and § is the usual
CP violation phase. The convention that the index E
indicates the term relative to the Earth and § indicates
the term relative to the Sun is still valid. The last term of the
previous equations can be neglected, in fact, the term

ci3 0 sy3 cp s 0
0 1 0
0 C13 0 O 1

(A1)

=513

oscillates rapidly and its contribution is null when averaged
over realistic experimental energy bins with finite size.
Hence the survival probability becomes

Z|A PlAc ZPeEkPEk

Taking into account the explicit form of the transition
amplitudes and neglecting the fast oscillation term for the
same motivation introduced before, the survival probability
can be written as

= A = (B4)

ZIU 21U

The PMNS matrices used in the previous equality are
obtained in the context of the NSI modified MSW effect.
The propagation of neutrinos inside matter is ruled by the
Hamiltonian (5) where the matter interaction operator is
given by

(B5)

0 0 0
1 .
H= ulo Aamj3 0 |U
2E,
0 0 Am%2
1+e, euels e,
+ Vinae | €cpe “ithey €y eme"‘b#f (B6)
8816 i¢er gln_e_iqs;n ETT

where the matter potential is V. = 2v2GpN, E,. The
electronic density inside the Sun and the Earth can be
approximated as constant, resulting in a value for the matter
potential given by

N{(4+8)x10—5ev2(lﬁgv)
matt

(1.5+2.5)x 107 eV? (g

Solar matter density
) Earth matter density.
(B7)

To continue the study the change of the neutrino basis
using the unitary matrix O = Ry3R;3 is useful. This
approach allows for the flavor basis reintroduction,
resulting in

H=0"HO =

(Ra3R13)" H(R3R13). (B8)
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The form of the obtained Hamiltonian operator can be
simplified considering that the 6;; mixing angle is negli-
gible compared to the other ones. After subtracting a
common phase term in the form of the diagonal matrix
€::Vmaul, taking into account that Am% 1 > Vi for both
the solar and terrestrial matter densities and considering
0,3 ~ 0, the Hamiltonian can be approximated in the form,

~ I:]2><2 0
- . . (B9)
0 2E, B3 + O(e X Vinay)

The term O(e X V) is negligible, as a consequence the
third mass eigenstate decouples from the other two and
propagate without interacting as in vacuum. Therefore, in
the NSI scenario as well, the analysis of the MSW effect
reduces to the two flavor eigenstates approximation. As a
result, the obtained picture uses the solar neutrino flavor

( _Am%I cos (2912) + 2Vmatt(1 T € — 81’1’)

—Am3,; sin (2015) +2V g (e, - €08 023 —

—Am3;sin (2013) + 2V pan (€0,
Eor* sin 923) Am%l Ccos (2912) + Vmatt(g;m

basis, with the third mass eigenstate decoupled. The
reduced Hamiltonian can be written in the explicit form,

- Am3, [ —cos20y, sin26),
Hyyo = ——= .
4E, sin20;,  cos20,,
Vmatt

G o) (R oo

The terms & are the NSI introduced perturbations and are
functions of the NSI parameters ¢,, and of the mixing
angles. After subtracting a common phase term, the 2 x 2
Hamiltonian can be written as

Hzxzﬁ M, (Bll)

2E,

with the matrix M defined as

-€080,3 — £, - SiNby3)
— £,,) C08? 03 — 25in 0,3 08 03¢,

(B12)

Finally using the MSW standard analysis strategy it is possible to obtain the PMNS matrix that connects the flavor

eigenstates with the matter mass ones,

cosf sin @
—sinf,; cosfy
with the matter mixing angle given by
Ams5, sin (260 2V mait(€gy - €08 O3 — €, - SIN O
tan (26 ) m21 1 ( ]2) att(g q7 23 / 1 23) ) (B14)
AWLZI cos (2612) matt( )
and this result can be written in the final form [Eq. (10)],
2V o - COS0p3 — €,, - SIN 6O Vinae(1 =€) 17!
tan (20) = tan (20,3) | 1 — 2YmanCan €080 ~ €er - sinOn)) [} Vil — &) )7 (BIS)
Amy7, sin (26,,) Amyi, cos (20),)

where we have introduced the parameter & = —e,, +
€, C08% O3 + £, sin* O3 — 25in O3 cos O3, [Eq. (11)].
The Solar or Earth matter mixing angles with the related
PMNS matrix can be obtained choosing the correct matter
density for the interaction potential in the previous analysis
framework. Matter-induced effects can be included consid-
ering the matter mixing angle and the related unitary matrix
(B13). The oscillation probability (BS) for day neutrinos is
obtained neglecting the contribution of Earth matter,

P, ZlU [P|US P = sin*0,5 -+ cos*013 P2 (04.015).

P, D EI?|US)|
P, DU 1PIUS;?

|2 = cos?035in*03 (1 = P34 (0. 012)).
= C0529130052923(1 - P (Or,012)),

(B16)
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where 6, is the effective mixing angle in solar matter, and
P2(0),0,5) is the adiabatic two-flavor survival probability
for electronic neutrinos. Under the hypothesis of adiabatic
MSW effect and in the solar neutrino energy range it can be
approximated in the form,
1

ng(aM,912) :E(l +COS (ZGM) COS (2912)) (B17)
The explicit form of the survival probability, for instance,
can be written as

1
P,, =sin*0; + Ecos4 013(1 + cos (20,_s) cos (20;,)).
(B18)

It is important to underline that the NSI modified survival
probability, obtained before, differs from the standard one
for perturbative terms,

1
P,, =sin*0,; —|—§cos4 013(14c0s?(201,)) + O(e X V )
(B19)

hence, the standard survival probability differs from the NSI-
modified one by only a few percent.
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