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1 Introduction

The minimal global description of the bulk of data gathered in experiments detecting
the interactions of solar and atmospheric neutrinos, and of neutrinos produced in nuclear
reactors and in particle accelerators, requires three neutrino states with distinct masses
which are non-trivial admixtures of the three flavour neutrino states of the Standard Model
(SM). This implies that lepton flavour oscillates with a wavelength which depends on
distance and energy [1, 2] as required to explain the data, see ref. [3] for an overview. This
is one of the most direct indications of physics beyond the Standard Model (BSM).

Given the excellent ability of the SM in explaining the interactions of fundamental
particles through the electromagnetic, weak, and strong interactions, it is reasonable to
assume that the SM is an effective theory and that new physics (NP) effects are suppressed at
low energies. Generic BSM physics can then be introduced in a model-independent manner
through a tower of effective operators, suppressed by the heavy NP scale. Interestingly
enough, neutrino masses arise in this framework from the unique dimension-five operator
consistent with the SM gauge symmetry and particle contents, and therefore can be argued
to be the first signal of BSM physics. At next order in the operator expansion we find

– 1 –



J
H
E
P
0
8
(
2
0
2
3
)
0
3
2

dimension-six four-fermion operators. Those involving neutrino fields would affect the
production, propagation, and detection of neutrinos — the so-called Non-Standard neutrino
Interactions (NSI). In this work we focus on operators leading to purely vector or axial-
vector interactions (for recent works including additional operators with different Lorentz
structures see for example refs. [4–7]). Generically these can be classified in charged-current
(CC) NSI

LNSI,CC = −2
√

2GF
∑

f,f ′,α,β

εff
′,P

αβ (¯̀
αγµPLνβ)(f̄γµPf ′) + h.c. (1.1)

and neutral-current (NC) NSI

LNSI,NC = −2
√

2GF
∑

f,P,α,β

εf,Pαβ (ν̄αγµPLνβ)(f̄γµPf) . (1.2)

In eqs. (1.1) and (1.2), f and f ′ refer to SM charged fermions, ` denotes a SM charged
lepton and P can be either a left-handed or a right-handed projection operator (PL or
PR, respectively). Moreover the normalization of the couplings is deliberately chosen to
match that of the weak currents in the SM, so the values of εf,Pαβ indicate the strength of
the new interaction with respect to the Fermi constant, GF . The corresponding vector and
axial-vector combinations of NSI coefficients are defined as:

εf,Vαβ ≡ ε
f,L
αβ + εf,Rαβ and εf,Aαβ ≡ ε

f,L
αβ − ε

f,R
αβ . (1.3)

Precise measurements of meson and muon decays place severe constraints on the possible
strength of CC NSI (see for example refs. [4, 8–10]). Conversely, NC NSI are much more
difficult to probe directly, given the intrinsic difficulties associated to neutrino detection
via neutral currents. A priori, the requirement of gauge invariance would generate similar
operators in the charged lepton sector, in severe conflict with experimental observables [11,
12]. However, such bounds may be alleviated (or evaded) in NP models in which NC NSI
are generated by exchange of neutral mediators with masses well below the EW scale (for
a recent review on viable NSI models see, e.g., ref. [13]). It is in these scenarios that one
can envision observable effects in present and future neutrino experiments. Several models
have been proposed, involving new gauge symmetries and light degrees of freedom, that
would give rise to relatively large NC NSI. These include, for example, models where the
NSI are generated from the Z ′ boson associated to a new U(1)′ symmetry [14–21], radiative
neutrino mass models involving new scalars [22], or models with leptoquarks [22–24]. Many
of these extensions involve a gauge symmetry based on a combination of baryon and lepton
quantum numbers, and would therefore induce equal NSI for up and down quarks. However,
exceptions to this rule arise, for example, in models with leptoquarks where NSI may be
only generated for down-quarks [22, 23]. Similarly it should be stressed that, while many
of these models typically lead to diagonal NSI in lepton flavor space, this is not always
the case and, depending on the particular extension, sizable off-diagonal NSI may also be
obtained (see, e.g., refs. [16, 17, 20]). In order to derive constraints to such a wide landscape
of models, the use of the effective operator approach advocated above is extremely useful.
For bounds from oscillation data on U(1)′ models with diagonal couplings in flavor space,
see ref. [25].
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In fact, some of the best model-independent bounds on NC NSI are obtained from global
fits to oscillation data. These are affected by vector couplings involving fermions present
in matter, εf,Vαβ with f ∈ {u, d, e}, since they modify the effective matter potential [26, 27]
felt by neutrinos as they propagate in a medium. In ref. [28] such global analysis was
performed in the context of vector NC NSI with either up or down quarks. In ref. [29]
the study was extended to account for the possibility vector NC NSI with up and down
quarks simultaneously, under the restriction that the neutrino flavour structure of the
NSI interactions is independent of the quark type. However, NSI with electrons were
not considered.

One important effect of the presence of NSI [26, 30, 31] affecting the neutrino propagation
in oscillation experiments is the appearance of a degeneracy leading to a qualitative change
of the lepton mixing pattern. This was first observed in the context of solar neutrinos,
for which the established standard Mikheev-Smirnov-Wolfenstein (MSW) solution [26, 27]
requires a mixing angle θ12 in the first octant, while with suitable NSI the data could
be described by a mixing angle θ12 in the second octant, the so-called LMA-Dark (LMA-
D) [32] solution. The origin of the LMA-D solution is a degeneracy in the oscillation
probabilities due to a symmetry of the Hamiltonian describing neutrino evolution in the
presence of NSI [28, 33–35]. Such degeneracy makes it impossible to determine the neutrino
mass ordering by oscillation experiments alone [35] and therefore jeopardizes one of the
main goals of the upcoming neutrino oscillation program. Although the degeneracy is not
exact when including oscillation data from neutrino propagating in different environments,
quantitatively the breaking is small and global fits show that the LMA-D solution is still
pretty much allowed by oscillation data alone [28, 29]. A second important limitation of
oscillation data is that it is only sensitive to differences in the potential felt by different
neutrino flavours. Thus, oscillation data may be used to derive constraints on the differences
between diagonal NC NSI parameters, but not on the individual parameters themselves.

Neutrino scattering data is also sensitive to NC NSI as they would affect the interaction
rates directly [8, 36–40]. Therefore the combination of oscillation and scattering data may
be used to break the LMA-D degeneracy (see for example refs. [32, 41] for early works on this
topic). However, such a combination is most effective whenever the scattering cross section
also falls in the contact-interaction regime, since otherwise bounds obtained from scattering
may be evaded for sufficiently light mediators [15]. As a consequence, for NSI with quarks
the most powerful constraints come from measurements of Coherent Elastic Neutrino-
Nucleus Scattering [42] (CEνNS), since the momentum transfer is small and therefore
apply to a wider class of models, as discussed in refs. [35, 43, 44]. Reference [45] showed
the impact obtained from the joint analysis of CEνNS and oscillation data, considering
NSI with only one quark type at a time and using the first measurement of CEνNS at
COHERENT [46]. Our later works [29, 47] subsequently improved over this first analysis
by including the latest oscillation data, refining the treatment of COHERENT data [48]
and, most importantly, by allowing for NC NSI with up and down quarks simultaneously in
the fit, which made the results more general. Moreover, besides lifting the degeneracy, the
addition of oscillation and scattering data also allows to obtain separate constraints on the
diagonal NSI parameters [45].
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The field of CEνNS is moving fast. Since the first measurements on CsI, the COHER-
ENT collaboration has reported a separate measurement using an Ar detector [49] and the
Dresden-II experiment recently reported a signal using a Ge detector [50]. The combination
of CEνNS measurements for different target nuclei is highly relevant to lift the LMA-D
degeneracy for NC NSI with arbitrary couplings to up and down quarks [36, 38, 43, 51].
Additionally, the combination of data obtained using neutrinos from spallation sources
and from reactors may be used to lift degeneracies in NSI flavour space [52]. Therefore, a
significant improvement on the bounds for NC NSI with quarks may be expected from the
addition of the new datasets that have become recently available.

As mentioned above, the global analyses in refs. [28, 29, 45, 47] only included NSI with
quarks. However, there is no reason to avoid the new current to couple to electrons as well.
The presence of NSI with electrons would affect not only neutrino propagation but also the
interaction cross-section for electron scattering (ES). This would impact the data at both
SK and Borexino, and makes the problem much more demanding from the computational
point of view. Constraints on NC NSI with electrons were obtained from the analysis of
Borexino Phase-II spectrum by the Borexino Collaboration [53] assuming only one NC
NSI coupling at a time. Recently, in ref. [54] we performed an analysis of the Borexino
Phase-II spectral data including all NC NSI operators involving electrons simultaneously in
the fit. Our results showed that the simultaneous presence of several operators significantly
deteriorates the resulting bounds. However, the sensitivity of Borexino to NC NSI with
electrons stems mainly from their impact on the detection cross section and not from
oscillations. Therefore a significant improvement on the final constraints would be expected
from the combination with oscillation data from other experiments. While partial analyses
for electron NSI using a subset of data have been performed before [32, 40, 41], an analysis
using all available neutrino oscillation data has not been performed yet in this context.
Furthermore, the presence of the LMA-D solution in presence of NSI with electrons remains
an open question.

In this work we address these open issues by updating and extending our analyses in
refs. [29, 47] accounting for the possibility of NC NSI with up quarks, down quarks and
electrons simultaneously. We will consider vector and axial-vector couplings separately.
Our global analysis updates that of our previous works, with the major addition of the
Borexino Phase-II spectral dataset. Furthermore when combining with CEνNS we include
the results from COHERENT data on CsI [46, 48] and Ar targets [49, 55] together with
the recent results from CEνNS searches using reactor neutrinos at Dresden-II reactor
experiment [52, 56]. To this aim, in section 2 we briefly summarize the framework of our
study. We present the main ingredients and assumptions in the analysis of the NSI effects
in the matter potential in atmospheric and long-baseline (LBL) experiments in section 2.1.1,
and Solar and KamLAND in section 2.1.2. In particular, we include a discussion on the
possible departures from adiabaticity of the evolution of solar neutrinos in section 2.1.3. The
effects of NC NSI on the detection cross sections and its interplay with flavour transitions in
propagation is reviewed in section 2.2 including the specific modification of the cross section
for ES (section 2.2.1), NC scattering with quarks (section 2.2.2), and CEνNS (section 2.2.3).
The results of the different analyses performed are presented in section 3 where we derive
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our current knowledge of the size and flavour structure of vector NC NSI coupling to either
electrons (section 3.2), up and down quarks (section 3.3), or a general combination of those
(section 3.4). We study the status of the LMA-D solution as function of the relative strength
of the non-standard couplings to the different charged fermions in section 3.5. We also
quantify the results as allowed ranges of the effective combinations of couplings relevant
for long-baseline and atmospheric oscillation experiments. In section 4 we summarize
our conclusions.

2 Formalism

As stated in the introduction, in this work we will consider NC NSI (hereafter referred to
simply as NSI, for brevity) relevant to neutrino scattering and propagation in matter, as
parametrized in eq. (1.2). To make the analysis feasible, the following simplifications are
introduced:

• we assume that the neutrino flavour structure of the interactions is independent of
the charged fermion properties;

• we further assume that the chiral structure of the charged fermion vertex is the same
for all fermion types.

Under these hypotheses, we can factorize εf,Pαβ as the product of three terms:

εf,Pαβ ≡ εαβ ξ
fχP (2.1)

where the matrix εαβ describes the dependence on the neutrino flavour, the coefficients ξf
parametrize the coupling to the charged fermions, and the terms χP account for the chiral
structure of such couplings, normalized so that εf,Lαβ (εf,Rαβ ) corresponds to χL = 1/2 and
χR = 0 (χR = 1/2 and χL = 0). With these assumptions the Lagrangian in eq. (1.2) takes
the form:

LNSI,NC = −2
√

2GF
[∑
α,β

εαβ(ν̄αγµPLνβ)
][∑

f,P

ξfχP (f̄γµPf)
]
. (2.2)

Concerning the chiral structure of the charged fermion vertex, in this work we will consider
either vector couplings (χL = χR = 1/2), or axial-vector couplings (χL = −χR = 1/2). The
corresponding combinations of NSI coefficients are given in eq. (1.3).

For what concerns the dependence of the NSI on the charged fermion type, we notice
that ordinary matter is composed of electrons (e), up quarks (u) and down quarks (d), so
that only the coefficients ξe, ξu and ξd are experimentally accessible. For vector NSI, since
quarks are always confined inside protons (p) and neutrons (n), we may define (see, e.g.,
ref. [5]):

ξp = 2ξu + ξd , ξn = 2ξd + ξu (2.3)

so that εp,Vαβ ≡ 2εu,Vαβ + εd,Vαβ = εαβ ξ
p (χL + χR) and εn,Vαβ ≡ 2εd,Vαβ + εu,Vαβ = εαβ ξ

n (χL + χR).
For axial-vector NSI, the correspondence between quark NSI and nucleon NSI is not that
obvious: for example, for non-relativistic nucleons an axial-vector hadronic current would
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induce a change in the spin of the nucleon. In our analysis this type of NSI is only relevant
for the breakup of deuterium at SNO as discussed in section 2.2.2. In any case, it is clear
that a simultaneous re-scaling of all {ξf} by a common factor can be reabsorbed into a
re-scaling of εαβ , so that only the direction of (ξe, ξu, ξd) — or, equivalently, (ξe, ξp, ξn) — is
phenomenologically non-trivial. We parametrize such direction using spherical coordinates,
in terms of a “latitude” angle η and a “longitude” angle ζ, as an extension of the framework
and notation introduced in ref. [29] (see also ref. [57]). Concretely, we define:

ξe =
√

5 cos η sin ζ , ξp =
√

5 cos η cos ζ , ξn =
√

5 sin η (2.4)

or, in terms of the “quark” couplings:

ξu =
√

5
3 (2 cos η cos ζ − sin η) , ξd =

√
5

3 (2 sin η − cos η cos ζ) (2.5)

Using this parametrization, the case of NSI with quarks analyzed in ref. [29] correspond to
the “prime meridian” ζ = 0, with the pure up-quark and pure down-quark cases located at
η = arctan(1/2) ≈ 26.6◦ and η = arctan(2) ≈ 63.4◦, respectively. The “poles” (η = ±90◦)
correspond to NSI with neutrons, while NSI with protons lies on the “equator” (η = ζ = 0).
Finally, the pure electron case is also on the equator, at a right angle (ζ = ±90◦) from
the pure proton case. Notice that an overall sign flip of (ξe, ξu, ξd) is just a special case of
re-scaling and produces no observable effect, hence it is sufficient to restrict both η and ζ
to the [−90◦,+90◦] range.

The presence of vector NC NSI will affect both neutrino propagation in matter and
neutrino scattering in the detector, while axial-vector NC NSI only affect some of the
interaction cross sections. Both propagation and interaction effects lead to a modification
of the expected number of events which can be described by the generic expression [54]:

Nev ∝ Tr
[
ρdet σdet

]
(2.6)

where ρdet is the density matrix characterizing the flavour state of the neutrinos reaching
the detector, while the generalized cross section σdet is a matrix in flavour space containing
enough information to describe the interaction of any neutrino configuration. The form of
eq. (2.6) is manifestly basis-independent and permits a separate description of propagation
effects (encoded into ρdet) and of the scattering process (contained in σdet), while at the
same time properly taking into account possible interference between them. Notice that
both ρdet and σdet are hermitian matrices, which ensures that Nev is real. Actually, eq. (2.6)
is invariant under the joint transformation:

ρdet →
[
ρdet

]∗ and σdet →
[
σdet

]∗ (2.7)

whose implications will be discussed later on in this section.

2.1 Neutrino oscillations in the presence of NSI

In general, the evolution of the neutrino and antineutrino flavour state during propagation
is governed by the Hamiltonian:

Hν = Hvac +Hmat and H ν̄ = (Hvac −Hmat)∗ , (2.8)
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where Hvac is the vacuum part which in the flavour basis (νe, νµ, ντ ) reads

Hvac = UvacDvacU
†
vac with Dvac = 1

2Eν
diag(0,∆m2

21,∆m2
31) . (2.9)

Here Uvac denotes the three-lepton mixing matrix in vacuum [1, 58, 59]. Following the
convention of ref. [35], we define Uvac = R23(θ23)R13(θ13)R̃12(θ12, δCP), where Rij(θij) is a
rotation of angle θij in the ij plane and R̃12(θ12, δCP) is a complex rotation by angle θ12
and phase δCP. Explicitly:

Uvac =

 c12c13 s12c13e
iδCP s13

−s12c23e
−iδCP − c12s13s23 c12c23 − s12s13s23e

iδCP c13s23
s12s23e

−iδCP − c12s13c23 −c12s23 − s12s13c23e
iδCP c13c23

 (2.10)

where cij ≡ cos θij and sij ≡ sin θij . This expression differs from the usual one “U”
(defined, e.g., in eq. (1.1) of ref. [60]) by an overall phase matrix: Uvac = PUP ∗ with
P = diag(eiδCP , 1, 1). It is easy to show that, in the absence of NSI, such rephasing produces
no visible effect, so that when only standard interactions are considered the physical
interpretation of the vacuum parameters (∆m2

21, ∆m2
31, θ12, θ13, θ23 and δCP) is exactly

the same in both conventions. The advantage of defining Uvac as in eq. (2.10) is that the
transformation Hvac → −H∗vac, whose relevance for the present work will be discussed below,
can be implemented exactly (up to an irrelevant multiple of the identity) by the following
transformation of the parameters:

∆m2
31 → −∆m2

31 + ∆m2
21 = −∆m2

32 ,

θ12 → π/2− θ12 ,

δCP → π − δCP

(2.11)

which does not spoil the commonly assumed restrictions on the range of the vacuum
parameters (∆m2

21 > 0 and 0 ≤ θij ≤ π/2).
Concerning the matter part Hmat of the Hamiltonian which governs neutrino oscillations,

if all possible operators in eq. (1.2) are added to the SM Lagrangian we get:

Hmat =
√

2GFNe(x)

1 + Eee(x) Eeµ(x) Eeτ (x)
E∗eµ(x) Eµµ(x) Eµτ (x)
E∗eτ (x) E∗µτ (x) Eττ (x)

 (2.12)

where the “+1” term in the ee entry accounts for the standard contribution, and

Eαβ(x) =
∑

f=e,u,d

Nf (x)
Ne(x) ε

f,V
αβ (2.13)

describes the non-standard part. Here Nf (x) is the number density of fermion f as a
function of the distance traveled by the neutrino along its trajectory. In eq. (2.13) we have
limited the sum to the charged fermions present in ordinary matter, f = e, u, d. Taking
into account that Nu(x) = 2Np(x) + Nn(x) and Nd(x) = Np(x) + 2Nn(x), and also that
matter neutrality implies Np(x) = Ne(x), eq. (2.13) becomes:

Eαβ(x) =
(
εe,Vαβ + εp,Vαβ

)
+ Yn(x) εn,Vαβ with Yn(x) ≡ Nn(x)

Ne(x) (2.14)
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which shows that, from the phenomenological point of view, the propagation effects of NSI
with electrons can be mimicked by NSI with quarks by means of a suitable combination of
up-quark and down-quark contributions.

Since the matter potential can be determined by oscillation experiments only up to
an overall multiple of the identity, each εf,Vαβ matrix introduces 8 new parameters: two
differences of the three diagonal real parameters (e.g., εf,Vee − εf,Vµµ and εf,Vττ − εf,Vµµ ) and three
off-diagonal complex parameters (i.e., three additional moduli and three complex phases).
Under the assumption that the neutrino flavour structure of the interactions is independent
of the charged fermion type, as described in eq. (2.1), we get:

Eαβ(x) = εαβ
[
ξe + ξp + Yn(x)ξn

](
χL + χR

)
=
√

5
[
cos η (cos ζ + sin ζ) + Yn(x) sin η

](
χL + χR

)
εαβ

(2.15)

so that the phenomenological framework adopted here is characterized by 10 matter
parameters: eight related to the matrix εαβ plus two directions (η, ζ) in the (ξe, ξp, ξn)
space. Notice, however, that the dependence on ζ in eq. (2.15) can be reabsorbed into a
re-scaling of εαβ by introducing a new effective angle η′:

Eαβ(x) =
√

5
[
cos η′ + Yn(x) sin η′

](
χL + χR

)
ε′αβ

with tan η′ ≡ tan η
/

(cos ζ + sin ζ) and ε′αβ ≡ εαβ
√

1 + cos2 η sin(2ζ) . (2.16)

This is a consequence of the fact that electron and proton NSI always appear together in
propagation, as explained after eq. (2.14). Indeed, η′ is just a practical way to express the
direction in the (ξe + ξp, ξn) plane. For ζ = 0, which is the case studied in ref. [29], one
trivially recovers η′ = η and ε′αβ = εαβ . Furthermore, for ζ = −45◦ one gets ξe + ξp = 0, so
that NSI effects in oscillations depend solely on the neutron coupling ξn. This would be the
case, for example, in models where the Z ′ does not couple directly to matter fermions, and
NSI are generated through Z − Z ′ mass mixing (see the related discussion in ref. [19]). In
fact, in this case, the specific value of η becomes irrelevant as long as it is different from zero
(since eq. (2.16) always yields η′ = ±90◦ in this case), while for the special point where η = 0
and ζ = −45◦ NSI completely cancel from oscillations. It should be stressed, however, that
this only applies to oscillations: the implications of NSI for neutrino scattering described
in section 2.2 will still depend non-trivially on η.

We finish this section by reminding that the neutrino transition probabilities remain
invariant — and more generically the density matrix ρdet undergoes complex conjugation,
as described in eq. (2.7) — if the Hamiltonian Hν = Hvac + Hmat is transformed as
Hν → −(Hν)∗. This requires a simultaneous transformation of both the vacuum and
the matter terms. The transformation of Hvac is described in eq. (2.11) and involves a
change in the octant of θ12 (the so-called LMA-D [32] solution) as well as a change in the
neutrino mass ordering (i.e., the sign of ∆m2

31), which is why it has been called “generalized
mass-ordering degeneracy” in ref. [35]. As for Hmat we need:[

Eee(x)− Eµµ(x)
]
→ −

[
Eee(x)− Eµµ(x)

]
− 2 ,[

Eττ (x)− Eµµ(x)
]
→ −

[
Eττ (x)− Eµµ(x)

]
,

Eαβ(x)→ −E∗αβ(x) (α 6= β) ,
(2.17)
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see refs. [28, 34, 35]. As seen in eqs. (2.13), (2.14) and (2.15) the matrix Eαβ(x) depends
on the chemical composition of the medium, which may vary along the neutrino trajectory,
so that in general the condition in eq. (2.17) is fulfilled only in an approximate way. The
degeneracy becomes exact in the following two cases:1

• if the effective NSI coupling to neutrons vanishes, so that εn,Vαβ = 0 in eq. (2.14).
In terms of fundamental quantities this occurs when εu,Vαβ = −2εd,Vαβ , i.e., the NSI
couplings are proportional to the electric charge of quarks. In our parametrization
this corresponds to the “equator” η = 0 for arbitrary ζ, as shown in eq. (2.15);

• if the neutron/proton ratio Yn(x) is constant along the entire neutrino propagation
path. This is certainly the case for reactor and long-baseline experiments, where only
the Earth’s mantle is involved, and to a good approximation also for atmospheric
neutrinos, since the differences in chemical composition between mantle and core can
safely be neglected in the context of NSI [33]. In this case the matrix Eαβ(x) becomes
independent of x and can be regarded as a new phenomenological parameter, as we
will describe in section 2.1.1.

Further details on the implications of this degeneracy for different classes of neutrino
experiments (solar, atmospheric, etc.) is provided below in the corresponding section.

2.1.1 Matter potential in atmospheric and long-baseline neutrinos

As discussed in ref. [33], in the Earth the neutron/proton ratio Yn(x) which characterizes
the matter chemical composition can be taken to be constant to very good approximation.
The PREM model [61] fixes Yn = 1.012 in the Mantle and Yn = 1.137 in the Core, with an
average value Y ⊕n = 1.051 all over the Earth. Setting therefore Yn(x) ≡ Y ⊕n in eqs. (2.13)
and (2.14) we get Eαβ(x) ≡ ε⊕αβ with:

ε⊕αβ = εe,Vαβ +
(
2 + Y ⊕n

)
εu,Vαβ +

(
1 + 2Y ⊕n

)
εd,Vαβ =

(
εe,Vαβ + εp,Vαβ

)
+ Y ⊕n ε

n,V
αβ . (2.18)

If we impose quark-lepton factorization as in eq. (2.15) we get:

ε⊕αβ =
√

5
[
cos η (cos ζ + sin ζ) + Y ⊕n sin η

](
χL + χR

)
εαβ

=
√

5
[
cos η′ + Y ⊕n sin η′

](
χL + χR

)
ε′αβ .

(2.19)

In other words, within this approximation the analysis of atmospheric and LBL neutrinos
holds for any combination of NSI with up, down or electrons and it can be performed in
terms of the effective NSI couplings ε⊕αβ , which play the role of phenomenological parameters.
In particular, the best-fit value and allowed ranges of ε⊕αβ are independent of η and ζ, while
the bounds on εαβ simply scale as [cos η (cos ζ+sin ζ)+Y ⊕n sin η]. Moreover, it is immediate
to see that for η′ = arctan(−1/Y ⊕n ) ≈ −43.6◦, with η′ defined in eq. (2.16), the contribution
of NSI to the matter potential vanishes, so that no bound on εαβ can be derived from

1Strictly speaking, eq. (2.17) can be satisfied exactly for any matter chemical profile Yn(x) if εn,Vαβ and
εe,Vαβ + εp,Vαβ are allowed to transform independently of each other. This possibility, however, is incompatible
with the factorization constraint of eq. (2.1), so it will not be discussed here.
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atmospheric and LBL data in such case. This would be approximately the case, for example,
for U(1)′ models associated to the combination B − 2Le + αLµ − βLτ and, consequently,
oscillation bounds are significantly relaxed for this type of models [18].

Following the approach of ref. [33], the matter Hamiltonian Hmat, given in eq. (2.12)
after setting Eαβ(x) ≡ ε⊕αβ , can be parametrized in a way that mimics the structure of the
vacuum term (2.9):

Hmat = QrelUmatDmatU
†
matQ

†
rel with


Qrel = diag

(
eiα1 , eiα2 , e−iα1−iα2

)
,

Umat = R12(ϕ12)R13(ϕ13)R̃23(ϕ23, δNS) ,
Dmat =

√
2GFNe(x) diag(ε⊕, ε′⊕, 0)

(2.20)

where Rij(ϕij) is a rotation of angle ϕij in the ij plane and R̃23(ϕ23, δNS) is a complex
rotation by angle ϕ23 and phase δNS. Note that the two phases α1 and α2 included in Qrel
are not a feature of neutrino-matter interactions, but rather a relative feature of the vacuum
and matter terms. In order to simplify the analysis we impose that two eigenvalues of Hmat
are equal, ε′⊕ = 0. This assumption is justified since, as shown in ref. [62], in this case
strong cancellations in the oscillation of atmospheric neutrinos occur, and this is precisely
the situation in which the weakest constraints can be placed. Setting ε′⊕ → 0 implies that
the ϕ23 angle and the δNS phase disappear from neutrino oscillations, so that the effective
NSI couplings ε⊕αβ can be parametrized as:

ε⊕ee − ε⊕µµ = ε⊕ (cos2 ϕ12 − sin2 ϕ12) cos2 ϕ13 − 1 ,
ε⊕ττ − ε⊕µµ = ε⊕ (sin2 ϕ13 − sin2 ϕ12 cos2 ϕ13) ,

ε⊕eµ = −ε⊕ cosϕ12 sinϕ12 cos2 ϕ13 e
i(α1−α2) ,

ε⊕eτ = −ε⊕ cosϕ12 cosϕ13 sinϕ13 e
i(2α1+α2) ,

ε⊕µτ = ε⊕ sinϕ12 cosϕ13 sinϕ13 e
i(α1+2α2) .

(2.21)

As further simplification, in order to keep the fit manageable we assume real NSI, which we
implement by choosing α1 = α2 = 0 and −π/2 ≤ ϕij ≤ π/2, and also restrict δCP ∈ {0, π}.
It is important to note that with these approximations the formalism for atmospheric and
long-baseline data is CP-conserving; we will go back to this point when discussing the
experimental results included in the fit. In addition to atmospheric and LBL experiments,
important information on neutrino oscillation parameters is provided also by reactor
experiments with a baseline of about 1 km. Due to the very small amount of matter
crossed, both standard and non-standard matter effects are completely irrelevant for these
experiments, so that neutrino propagation depends only on the vacuum parameters.

2.1.2 Matter potential for solar and KamLAND neutrinos

For the study of propagation of solar and KamLAND neutrinos one can work in the one mass
dominance approximation, ∆m2

31 →∞ (which effectively means that GF
∑
f Nf (x) εf,Vαβ �

∆m2
31/Eν). In this limit the neutrino evolution can be calculated in an effective 2× 2 model
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described by the Hamiltonian Heff = Heff
vac +Heff

mat, with:

Heff
vac = ∆m2

21
4Eν

(
− cos 2θ12 sin 2θ12 e

iδCP

sin 2θ12 e
−iδCP cos 2θ12

)
, (2.22)

Heff
mat =

√
2GFNe(x)

[
c2

13
2

(
1 0
0 −1

)
+
[
ξe + ξp + Yn(x)ξn

](
χL + χR

)(−εD εN
ε∗N εD

)]
, (2.23)

where we have imposed the quark-lepton factorization of eq. (2.15) and used the parametriza-
tion convention of eq. (2.10) for Uvac. The coefficients εD and εN are related to the original
parameters εαβ by the following relations:

εD = c13s13 Re
(
s23 εeµ + c23 εeτ

)
−
(
1 + s2

13
)
c23s23 Re

(
εµτ
)

− c2
13
2
(
εee − εµµ

)
+ s2

23 − s2
13c

2
23

2
(
εττ − εµµ

)
,

(2.24)

εN = c13
(
c23 εeµ − s23 εeτ

)
+ s13

[
s2

23 εµτ − c2
23 ε
∗
µτ + c23s23

(
εττ − εµµ

)]
. (2.25)

Denoting by Seff the 2 × 2 unitary matrix obtained integrating Heff along the neutrino
trajectory, the full density matrix ρdet introduced in eq. (2.6) can be written as:

ρdetαβ = c2
13
[
AαβPosc +BαβPint + iCαβPext

]
+Dαβ (2.26)

where the effective probabilities Posc, Pint and Pext are given by

Posc ≡ |Seff
21 |2 , Pint ≡ Re

(
Seff

11S
eff ∗
21
)
, Pext ≡ Im

(
Seff

11S
eff ∗
21
)
, (2.27)

and the numerical coefficients Aαβ , Bαβ , Cαβ and Dαβ are defined as

Aαβ ≡ Oα2Oβ2 −Oα1Oβ1 , Bαβ ≡ Oα1Oβ2 +Oα2Oβ1 ,

Cαβ ≡ Oα1Oβ2 −Oα2Oβ1 , Dαβ ≡
∑
i=all

OαiOβi|Oei|2 . (2.28)

with O = R23(θ23)R13(θ13). Unlike in ref. [29] where NSI did not affect the scattering
process and only the ρdetee entry (which depends exclusively on Posc) was required, a rephasing
of Seff now produces visible consequences as it affects Pint and Pext. Moreover, νµ and ντ
are no longer indistinguishable as their scattering amplitude may be different under NSI, so
that the θ23 angle acquires relevance. Hence, for each fixed value of η and ζ the density
matrix ρdet for solar and KamLAND neutrinos depends effectively on eight quantities: the
four real oscillation parameters θ12, θ13, θ23 and ∆m2

21, the real εD and complex εN matter
parameters, and the CP phase δCP. As stated in section 2.1.1 in this work we will assume
real NSI, implemented here by setting δCP ∈ {0, π} and considering only real values for εN .

Unlike in the Earth, the matter chemical composition of the Sun varies substantially
along the neutrino trajectory, and consequently the potential depends non-trivially on the
specific combinations of (ξe + ξp) and ξn couplings — i.e., on the value of η′ as determined
by the (η, ζ) parameters. This implies that the generalized mass-ordering degeneracy
is not exact, except for η = 0 (in which case the NSI potential is proportional to the
standard MSW potential and an exact inversion of the matter sign is possible). However
the transformation described in eqs. (2.11) and (2.17) still results in a good fit to the global
analysis of oscillation data for a wide range of values of η′, and non-oscillation data are
needed to break this degeneracy [35].
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2.1.3 Departures from adiabaticity in presence of NSI

When computing neutrino evolution in the Sun, it is often assumed that it takes place in
the adiabatic regime, as this considerably simplifies the calculation. While this is the case
for neutrino oscillations within the LMA solution with a standard matter potential, it is
worthwhile asking if the inclusion of NP effects (such as NSI) can lead to non-adiabatic
transitions. If this were the case, it would require special care and may lead to interesting
new phenomenological consequences. This possibility has been largely overlooked in the
literature, where most studies of NSI in the Sun assume adiabatic transitions.

Let us consider the two-neutrino case, with a matter potential that depends on the
position x along the neutrino path inside the Sun. In the instantaneous mass basis, the
Hamiltonian can be written as:

i
d

dx

(
ν̃1
ν̃2

)
=
(
−∆m(x) −iθ′m(x)
iθ′m(x) ∆m(x)

)(
ν̃1
ν̃2

)
(2.29)

where θm(x) and ∆m(x) refer to the mixing angle and oscillation frequency in the presence
of matter effects, and θ′(x) ≡ dθ(x)

/
dx. In this basis, transitions between ν̃1 ↔ ν̃2 are

negligible as long as the off-diagonal terms θ′m(x) are small compared to the diagonal entries
∆m(x) in eq. (2.29). This leads to the so-called adiabaticity condition, that is:

γ−1(x) ≡
∣∣∣∣ θ′m(x)
∆m(x)

∣∣∣∣� 1 . (2.30)

Neutrino transitions will be adiabatic if this condition is satisfied along all points in the
neutrino trajectory. Of course, this argument is general and may be applied both in the
standard case and in the presence of NP. In the present work neutrino propagation is
described by the effective 2 × 2 Hamiltionian Heff introduced in eqs. (2.22) and (2.23).
Assuming δCP = 0 and real NSI, so that Heff is traceless and real with Heff

11 = −Heff
22 and

Heff
12 = Heff

21 , we can write:

θm(x) ≡ 1
2 arctan

[
Heff

12 (x)
/
Heff

22 (x)
]

and ∆m(x) ≡
√[
Heff

12 (x)
]2 +

[
Heff

22 (x)
]2
. (2.31)

In the presence of NSI, for a given matter density and neutrino energy, it is possible to
choose εD and εN so that the contribution from NP cancels the standard one, resulting in
∆m(x)→ 0. It is easy to show analytically that, for such values, the adiabatic condition in
eq. (2.30) is no longer satisfied. Specifically, such cancellation takes place when:

[
ξe + ξp + Yn(x)ξn

](
χL + χR

)
εD → −

∆m2
12 cos 2θ12

4EνV (x) + c2
13
2 ,

[
ξe + ξp + Yn(x)ξn

](
χL + χR

)
εN → −

∆m2
12 sin 2θ12

4EνV (x) ,

(2.32)

where V (x) ≡
√

2GFNe(x) is the SM matter potential. In other words, for a neutrino with
a given energy Eν at some point x along the trajectory, it is possible to find a pair of
values (εD, εN ) for which transitions are no longer adiabatic. Note that the cancellation
condition for εD depends on cos 2θ12 and therefore will take different values for the LMA
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LMA, NSI with protons or electrons

−2 −1 0 1 2
εD

−2

−1

0

1

2

ε N

LMA, NSI with neutrons

Figure 1. Departure from the adiabatic regime in presence of NSI, for a solar mixing angle in
the LMA region. The pale blue regions show the values of NSI parameters leading to γ−1 > 1,
obtained from a numerical computation. The coloured lines show the values of NSI parameters
where eqs. (2.32) are satisfied at some point along the neutrino trajectory, for a neutrino produced at
the center of the Sun. The different lines in the right panel correspond to neutrino energies between
1MeV (green lines, at the left edge of the region) and 20MeV (blue lines, towards the right edge).

and LMA-D regions, while the corresponding value for εN will remain invariant under a
change of octant for θ12. Also, as the cancellation conditions in eqs. (2.32) depend on the
values of ξf , the regions will depend on whether NSI take place with electrons/protons,
neutrons, or a combination of the two.

Figure 1 shows the regions where the transitions are not adiabatic, for NSI with protons
or electrons (left panel) and for NSI with neutrons (right panel). The shaded pale blue
regions show the results from a numerical computation. In contrast, the coloured lines show
the points satisfying the analytic conditions in eqs. (2.32), for neutrino energies between
1MeV (green lines, towards the left edge of the region) and 20MeV (blue lines, towards the
right edge of the region), for θ12 = 33◦ and ∆m2

12 = 7.5× 10−5 eV2. As can be seen, the
agreement with the numerical computation is excellent. Also, note the very different shape
of the regions in the two panels. The reason behind this is that for NSI with electrons or
protons the dependence with Eν and x comes in eqs. (2.32) through the product EνV (x),
while for NSI with neutrons there is an extra dependence on Yn(x). Therefore, while the
regions in the left panel in figure 1 span essentially a straight line, in the right panel the
dependence is more complex.

In our past study [29], where only NSI with quarks were considered, neutrino evolution
in the Sun was based on a fully numerical approach. In the present work, however, exploring
the full parameter space of the most general NSI with protons, electrons, and neutrons
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without assuming adiabaticity is challenging from the numerical point of view. To overcome
this problem in our calculations we start by evaluating the adiabaticity index for the point
in the NSI and oscillation parameter space to be surveyed. If for that point γ−1(x) < 1
along the whole neutrino trajectory in the Sun we use the adiabatic approximation when
computing the corresponding flavour transition probabilities and the subsequent prediction
for all observables and χ2 value. If, on the contrary, the adiabaticity condition is violated
somewhere inside the Sun such point is removed from the parameter space to be surveyed.
We do so because we have verified that for parameter values for which adiabaticity in the
Sun is violated the predicted observables with the properly computed flavour transition
probability without assuming adiabaticity never lead to good description of the data. But
we also find that if one evaluates the probabilities for those parameters wrongly using
the adiabatic approximation, one can find a “fake” good fit to the Solar and KamLAND
data, which would lead to wrong conclusions about their acceptability. In conclusion, the
adiabatic approximation can be safely used for the purposes of this work as long as one
removes from the parameter space those points for which adiabaticity in the Sun is violated.
Furthermore, once the data of atmospheric neutrino experiments is added to the fit, it
totally disfavors the parameter regions where transitions in the Sun are not adiabatic.

2.2 Neutrino detection cross sections in the presence of NSI

In addition to propagation effects discussed above, non-standard interactions can also affect
scattering in the detector. In this respect, it should be mentioned that all the atmospheric,
reactor and accelerator experiments included in our fit rely on CC processes in order to
detect neutrinos, so the corresponding cross-section is not affected by the NC-like NSI
considered here.2 This implies that the σdet generalized cross-section matrix entering
eq. (2.6) is diagonal in the SM flavour basis, and its non-zero entries coincide with the usual
SM cross-section, that is,

σdet = diag(σSMe , σSMµ , σSMτ ) for CC processes. (2.33)

Some solar neutrino experiments, on the contrary, are sensitive to NC NSI in some of the
detection processes involved. This is the case of Borexino and SK (and SNO, albeit with
lower sensitivity) which observe neutrino-electron ES, which may be affected by electron
NSI. Regarding NSI with nuclei SNO can also probe axial-vector NSI in NC events, and
CEνNS experiments are able to set important constraints on vector interactions. In the rest
of this section we review the phenomenological implications for these three cases separately.

2.2.1 Neutrino-electron elastic scattering

The presence of flavour-changing effects in NSI implies that the SM flavour basis no longer
coincides with the interaction eigenstates of the neutrino-electron scattering. In such case

2It should be noted that a subleading component of NC interactions is present as background in many
of these experiments, so that NSI parameter may in principle have an impact on the number of events.
However, we expect these effects to be very small, so for simplicity we neglect them.
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the generalized cross section σdet can be obtained as the integral over the electron recoil
kinetic energy Te of the following matrix expression:

dσES
dTe

(Eν , Te) = 2G2
Fme

π

{
C2
L

[
1 + α

π
f−(y)

]
+ C2

R (1− y)2
[
1 + α

π
f+(y)

]
−
{
CL, CR

} mey

2Eν

[
1 + α

π
f±(y)

]}
(2.34)

where y ≡ Te/Eν and f+, f−, f± are loop functions given in ref. [63], while α stands for
the fine-structure constant and me is the electron mass. In this formula CL and CR are
3× 3 hermitian matrices which incorporate both SM and NSI contributions:

CLαβ ≡ cLβ δαβ + εe,Lαβ and CRαβ ≡ cRβ δαβ + εe,Rαβ . (2.35)

The effective couplings cLβ and cRβ account for the SM part, and contain both the flavour-
universal NC terms and the νe-only CC scattering:

cLe = ρ

[
κe(Te) sin2 θw −

1
2

]
+ 1 , cRe = ρ κe(Te) sin2 θw ,

cLτ = cLµ = ρ

[
κµ(Te) sin2 θw −

1
2

]
, cRτ = cRµ = ρ κµ(Te) sin2 θw ,

(2.36)

with θw being the weak mixing angle, and ρ and κβ(Te) departing from 1 due to radiative
corrections of the gauge boson self-energies and vertices [63]. It is immediate to see that,
if the NSI terms εe,Lαβ and εe,Rαβ are set to zero, the matrix dσES

/
dTe becomes diagonal.

Imposing the factorization of eq. (2.1) for the vector (+) and axial-vector (−) NSI we get:

ε
e,V (A)
αβ = εe,Lαβ ± ε

e,R
αβ = εαβ ξ

e (χL ± χR) =
√

5 cos η sin ζ (χL ± χR) εαβ . (2.37)

Let us finalize this section by discussing briefly the impact that the inclusion of
NSI effects on ES could have on the generalized mass-ordering degeneracy discussed in
section 2.1. We have seen that the parameter transformations (2.11) and (2.17) lead to a
complex conjugation of the neutrino density matrix, ρdet → [ρdet]∗. As shown in eq. (2.7),
this does not affect the overall number of events (thus resulting in the appearance of the
degeneracy) as long as it is accompanied by a similar transformation σdet → [σdet]∗. The
latter can be realized either as CL → C∗L and CR → C∗R, which occur when both εe,Lαβ
and εe,Rαβ undergo simple complex conjugation, or as CL → −C∗L and CR → −C∗R, which
require ad-hoc transformations of the diagonal entries εe,Lαα and εe,Rαα to compensate for the
SM contribution of eq. (2.36). While conceptually identical to the situation occurring in
neutrino oscillations, where the extra freedom introduced by NSI allows to “flip the sign”
of the standard matter effects, the specific transformations required to achieve a perfect
symmetry of σdet differ from those of eq. (2.17). In principle one may first choose εe,Lαβ
and εe,Rαβ accounting for eq. (2.36) and then tune εp,Vαβ and εn,Vαβ to fulfill eq. (2.17), but this
procedure is incompatible with the factorization constraint of eq. (2.1), which assumes that
all NSI have the same neutrino flavour structure independently of their chirality and of the
charged fermion type. The net conclusion is that, for NSI involving electrons (that is, ζ 6= 0)
and assuming that the factorization in eq. (2.1) holds, ES effects break the generalized
mass-ordering degeneracy.
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2.2.2 SNO neutral-current cross-section

The SNO experiment observed NC interactions of solar neutrinos on deuterium. At low
energies, the corresponding cross section is dominated by the Gamow-Teller transition
and it scales as g2

A where gA is the coupling of the neutrino current to the axial isovector
hadronic current which in the SM is given by gA ≡ guA − gdA [64–66]. Using that the nuclear
corrections to gA are the same when the NSI are added, we obtain that in the presence of
the NC NSI we can write

σdet = σSM

(
GA
gA

)2
(2.38)

where GA is an hermitian matrix in flavour space

GA
gA

= δαβ + εu,Aαβ − ε
d,A
αβ = δαβ + εαβ (ξu − ξd) (χL − χR) . (2.39)

Clearly for vector NSI (χL = χR), the NSI contributions vanish and σdet takes just the
SM value times the identity in flavour space. Conversely for axial-vector NSI one gets
χL − χR = 1 and the NSI term contributes.

2.2.3 Coherent elastic neutrino-nucleus scattering

The generalized cross-section σdet describing CEνNS in the presence of NSI can be obtained
by integrating over the recoil energy of the nucleus ER the following expression:

dσcoh(ER, Eν)
dER

= G2
F

2π Q
2 F 2(q2)mA

(
2− mAER

E2
ν

)
(2.40)

where mA is the mass of the nucleus and F (q2) is its nuclear form factor evaluated at the
squared momentum transfer of the process, q2 = 2mAER. In this formalism, the structure
in flavour space which characterizes σdet is encoded into the hermitian matrix Q, which is
just the generalization of the weak charge of the nucleus for this formalism. For a nucleus
with Z protons and N neutrons, it reads:

Qαβ = Z
(
gVp δαβ + εp,Vαβ

)
+N

(
gVn δαβ + εn,Vαβ

)
(2.41)

where gVp = 1/2 − 2 sin2 θw and gVn = −1/2 are the SM vector couplings to protons and
neutrons, respectively. In experiments with very short baselines such as those performed so
far, neutrinos have no time to oscillate and therefore the density matrix at the detector
ρdet is just the identity matrix. Taking this explicitly into account in eq. (2.6) we get:

ρdet = I ⇒ Nev ∝ Q2
α with Q2

α ≡
[
Q2]

αα
= (Qαα)2 +

∑
β 6=α
|Qαβ |2 (2.42)

for incident neutrino flavour α, thus recovering the expressions for the ordinary weak charges
Q2
α used in our former publications. Coming back to eq. (2.41), let us notice that it can be

rewritten as:

Qαβ = Z
[
(gVp + Y coh

n gVn ) δαβ + εcohαβ

]
with εcohαβ ≡ ε

p,V
αβ + Y coh

n εn,Vαβ (2.43)
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where Y coh
n ≡ N/Z is the neutron/proton ratio characterizing the target of a given CEνNS

experiment. Imposing the quark-lepton factorization of eq. (2.1) we get:

εcohαβ = εαβ
(
ξp + Y coh

n ξn
)(
χL + χR

)
=
√

5
[
cos η cos ζ + Y coh

n sin η
](
χL + χR

)
εαβ . (2.44)

Similarly to eq. (2.19), this expression suggests that the analysis of coherent scattering
data can be performed in terms of the effective couplings εcohαβ , whose best-fit value and
allowed ranges are independent of (η, ζ). As a consequence, the bounds on εαβ simply
scale as [cos η cos ζ + Y coh

n sin η]. In analogy to eq. (2.16), one can define an effective
angle tan η′′ ≡ tan η

/
cos ζ parametrizing the direction in the (ξp, ξn) plane, such that all

CEνNS experiments depend on (η, ζ) only thought the combination η′′. In particular, it is
straightforward to see that a coherent scattering experiment characterized by a given Y coh

n

ratio will yield no bound on εαβ for η′′ = arctan(−1/Y coh
n ), as for this value the effects

of NSI on protons and neutrons cancel exactly. Such a cancellation can be obtained, for
example, for models of the type proposed in ref. [21], where the Z ′ associated to a new
gauge symmetry also has a sizable kinetic mixing with the SM photon, which allows for
arbitrary relative size of NSI with up and down quarks.

3 Results

This section summarizes the main results of our study. In section 3.1 we first review the
data included in the fit, introduce our χ2 definition, and outline the details related to the
sampling of the multi-dimensional parameter space. We then proceed to present our results
for NSI with electrons (section 3.2), with quarks (section 3.3), and for simultaneous NSI
with electrons and quarks (section 3.4). The status of the LMA-D solution in this general
case is discussed in section 3.5.

3.1 Simulation details

The data samples included in our oscillation analysis mostly coincide with those in NuFIT-
5.2 [67]. In brief, in the analysis of solar neutrino data we consider the total rates from the
radiochemical experiments Chlorine [68], Gallex/GNO [69], and SAGE [70], the spectral
data (including day-night information) from the four phases of Super-Kamkoikande in
refs. [71–74], the results of the three phases of SNO in the form of the day-night spectrum
data of SNO-I [75], and SNO-II [76] and the three total rates of SNO-III [77],3 and
the spectra from Borexino Phase-I [79, 80], and Phase-II [81]. For reactor neutrinos we
include the separate DS1, DS2, DS3 spectra from KamLAND [82] with Daya Bay reactor

3This corresponds to the analysis labeled SNO-data in ref. [28]. In that article an alternative analysis of
the SNO data was introduced, labeled SNO-poly, based on an effective MSW-like polynomial parametrization
for the day and night survival probabilities of the combined SNO phases I–III, as detailed in ref. [78]. The
SNO-poly approach can be efficiently used as long as NSI only enter in propagation through the matter
potential, and therefore in the subsequent analysis [29, 47] the SNO results were included in this way. However,
the polynomial parametrization of SNO-poly cannot account for NSI effects in neutrino interactions, so
that in the present work we have reverted to the full SNO-data version of the SNO analysis. This leads
to small differences in the results of the analysis with couplings to quarks only with respect to those in
refs. [29, 47].
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ν fluxes [83], the FD/ND spectral ratio, with 1276-day (FD), 587-day (ND) exposures
of Double-Chooz [84], the 3158-day separate EH1, EH2, EH3 spectra [85] of Daya-Bay,
and the 2908-day FD/ND spectral ratio of RENO [86]. For atmospheric neutrinos we use
the four phases of Super-Kamiokande (up to 1775 days of SK4 [87]), the complete set of
DeepCore 3-year µ-like events presented in ref. [88] and publicly released in ref. [89], and
the results on νµ-induced upgoing muons reported by IceCube [90] based on one year of
data taking. Finally, for LBL experiments we include the final neutrino and antineutrino
spectral data on νe-appearance and νµ-disappearance in MINOS [91], the 19.7× 1020 pot
νµ-disappearance and 16.3×1020 pot ν̄µ-disappearance data in T2K [92], and the 13.6×1020

pot νµ-disappearance and 12.5× 1020 pot ν̄µ-disappearance data in NOνA [93]. Notice that
to ensure full consistency with our CP-conserving parametrization we have chosen not to
include in the present study the data from the νe and ν̄e appearance channels in NOνA
and T2K. With this data we construct χ2

OSC(~ω, ~ε) where we denote by ~ω the 3ν oscillation
parameters and ~ε the NSI parameters considered in the analysis.

When combining with CEνNS we include the results from COHERENT data on
CsI [46, 48] and Ar targets [49, 55] (see refs. [47, 52] for details). In particular, for the
analysis of COHERENT CsI data we use the quenching factor from ref. [94] and the nuclear
form factor from ref. [95]. For the analysis of COHERENT Ar data we use the quenching
factor provided by the COHERENT collaboration in ref. [55] and Helm [96] nuclear form
factor (the values of the parameters employed are the same as in ref. [52]). For CEνNS
searches using reactor neutrinos at Dresden-II reactor experiment [56] we follow the analysis
presented in ref. [52] with YBe quenching factor [97] (the characteristic momentum-transfer
in this experiment is very low so the nuclear form factor can be taken to be 1). With all
this we construct the corresponding χ2

COH,CsI(~ε), χ2
COH,Ar(~ε), and χ2

D-II,Ge(~ε).
Our goal is to find the global minimum of the total χ2 which, unless otherwise stated, is

obtained adding the contributions from our global analysis of oscillation data («GLOB-OSC
w NSI in ES») and CEνNS data:

χ2(~ω, ~ε) = χ2
OSC(~ω, ~ε) + χ2

CEνNS(~ε) (3.1)

where we have defined

χ2
CEνNS = χ2

COH,CsI + χ2
COH,Ar + χ2

D-II,Ge . (3.2)

The minimum of the total χ2 is obtained after minimization over all the nuisance parameters,
which are included as pull terms in our fit.4 However, note that a priori it is possible to
suppress the effects of vector NSI in neutrino detection while still allowing for sizable NSI
in oscillations, since the momentum transfer required for the effects to be observable is not
the same in the two cases [15]. The paradigmatic example of BSM scenarios leading to
sizable NSI are models with light mediators. Matter effects arise from a coherent effect,
that is, with zero momentum-transfer, and therefore apply to NSI induced by ultra light
mediators, as long as their mass is Mmed & 1/R⊕ ∼ O(10−12) eV [25, 98]. Scattering effects,
on the contrary, require a minimum momentum-transfer to be observable:

4For details on the numerical implementation of systematic uncertainties see refs. [52, 54, 67].
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• In the case of ES, for recoil energies Te ' O(500 keV) (which are in the right ballpark
for Borexino) the relevant scale is q =

√
2meTe ∼ O(500 keV). Therefore, in what

follows we will also present our results neglecting the effects due to NSI in detection
(«GLOB-OSC w/o NSI in ES»), so as to consider this class of models with very
light mediators, Mmed � O(500 keV). For SNO and SK, sensitive to neutrinos
with higher energies, a similar argument leads to q ∼ O(5–10MeV). Hence, results
labeled as «GLOB-OSC w NSI in ES» apply to NSI generated by models with
Mmed & 10MeV, where we expect to have NSI effects on the detection through ES
for all solar experiments considered in this work. Finally, in the intermediate mass
range only Borexino would be fully sensitive to NSI effects on detection.

• In the case of CEνNS, the relevant momentum transfer also depends on the experiment
considered. For COHERENT data on CsI (Ar), this can be estimated as q ∼ 50MeV
(q ∼ 30MeV) while for Dresden-II we get q ∼ O(5MeV). Therefore, in section 3.3
we will present our results using the combination of all oscillation and CEνNS data,
sensitive to models with Mmed & 50MeV («GLOB-OSC+CEνNS»), as well as the
results for oscillation data alone, sensitive to NSI models with Mmed � 5MeV (labeled
as «GLOB-OSC»). In the intermediate mass range between 5 and 50MeV, effects on
CEνNS may be suppressed for some experiments but not all of them.

The intermediate mass ranges defined above (where NSI effects in detection may be observed
at one experiment, but not another) require special handling and are therefore beyond the
scope of the present paper, leaving them for future work.

In the axial-vector case there are no NSI effects in oscillations nor CEνNS and the NSI
parameters only enter in the ES and/or NC detection cross sections. Thus for axial-vector
NSI with electrons the derived bounds apply for mediator masses as discussed above for ES.
NC interactions in SNO occur for neutrinos with energy above the binding energy of the
deuteron, 2.22MeV. So the bounds for axial-vector NSI with quarks derived here apply for
Mmed & 3MeV.

Let us finalize this discussion by briefly reviewing the number of parameters involved in
the fit. A priori, under the approximations assumed in the present work, atmospheric and
long-baseline experiments depend on all the oscillation parameters as well as on the NSI
variables defined in eqs. (2.21). However, for LBL experiments we fix ∆m2

21 and |θ12 − 45◦|
to their SM best-fit value, as their relevance for such data is only subleading and we know
from previous studies [29] that NSI are not going to spoil their determination sizably (except
for the θ12 octant which we do not fix, hence the absolute value in the corresponding fixed
value above). For the analysis of atmospheric neutrinos we further set ∆m2

21 → 0, so the
dependence on θ12 and δCP vanishes. With this, neutrino propagation through the Earth is
described in terms of six continuous parameters, namely (∆m2

31, θ13, θ23) for the vacuum
part and (ε⊕, ϕ12, ϕ13) for the matter part, as well as the two CP-conserving values of
δCP and the two options for the θ12 octant. We additionally fix the value of θ13 to the
present best fit, as its determination comes mainly from reactor experiments for which NSI
effects are suppressed. On the other hand, neutrino oscillations in solar and KamLAND
data depend effectively on εD and εN for the matter part, while the vacuum part depends
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on θ12, θ23, ∆m2
21 and the two-CP conserving values of δCP (θ13 is also fixed to its best-fit

value here). Finally note that, while oscillations depend on differences between the diagonal
NSI parameters, the addition of scattering effects in detection breaks this pattern. This
implies that in addition to the two differences in eqs. (2.19) we need to scan one of the
diagonal parameters, which we take to be ε⊕µµ. The last two parameters of relevance are the
two angles η and ζ, which determine the direction of NSI in (ξe, ξp, ξn) space.

Taking into account all of the above, in our simulations we scan the multi-dimensional
space spanned by the following continuous parameters:

θ12, θ23, ∆m2
21, ∆m2

31, ε⊕, ϕ12, ϕ23, ε
⊕
µµ, η, ζ, (3.3)

as well as the two CP-conserving values of δCP ∈ {0, π}. In order to scan this multi-
dimensional parameter space efficiently, we make use of the MultiNest [99, 100] and
Diver [101] algorithms.

3.2 New constraints on NSI with electrons

We start by describing the results of the global analysis for the case of NSI with electrons,
which, as mentioned in the introduction, was not considered in our previous studies [28,
29, 47]. We plot in figure 2 and 3 the constraints on the different coefficients for the two
scenarios outlined in the previous section, without and with NSI effects in the detection
cross section, respectively.5 The corresponding 90% CL allowed ranges are listed in table 1
and on the left columns in table 2 respectively.

The first thing to notice is that in the scenario «GLOB-OSC w/o NSI in ES», for
the flavour diagonal coefficients, only the combinations εe,Vee − εe,Vµµ and εe,Vττ − εe,Vµµ can be
constrained, and two separate allowed ranges appear (see bottom row in figure 2): one
around εe,Vee − εe,Vµµ ∼ 0 and another around εe,Vee − εe,Vµµ ∼ −2. This is nothing else than the
result of the generalized mass-ordering degeneracy of eq. (2.17). The two disjoint allowed
solutions correspond to regions of oscillation parameters with θ12 < 45◦ (with ranges labeled
«LMA» in table 1) and with θ12 > 45◦ (with ranges labeled «LMA-D» in table 1) respectively.
As discussed in section 2.1, the degeneracy is partly broken by the variation of chemical
composition of the matter along the neutrino trajectory when NSI coupling to neutrons are
involved. But in this case, with only coupling to electrons, the degeneracy is perfect as can
be seen by the fact that ∆χ2 = 0 in both minima of εe,Vee − εe,Vµµ . From the panels on the
lower row we observe that the projection of the allowed regions corresponding to each of the
two solutions partly overlap for εe,Vττ − εe,Vµµ and εe,Vα 6=β , which leads to the non-trivial shapes
of some of the corresponding two-dimensional regions for some pairs of those paremeters.

The results for the scenario «GLOB-OSC w NSI in ES» in figure 2, and on the left
columns in table 2, show that the inclusion of the effect of the vector NSI in the ES cross
sections in Borexino, SNO, and SK totally lifts the degeneracy. In this scenario only the
LMA solution is allowed, and εe,Vee , εe,Vµµ , and εe,Vττ can be independently constrained. Notice
also that in this case, the lifting of the LMA-D solution leads to allowed regions with more

5Notice that from the point of view of the data analysis the results from the «GLOB-OSC w/o NSI in
ES» are totally equivalent to those obtained for vector NSI which couple only to protons.
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Figure 2. Constraints on the coefficients for vector NSI with electrons from the global analysis of
oscillation data without including the effect of NSI in the detection cross section. Each panel shows
a two-dimensional projection of the allowed multi-dimensional parameter space after minimization
with respect to the undisplayed parameters. The regions correspond to 1σ and 2σ (2 d.o.f.).

Allowed ranges at 90% CL (marginalized)
GLOB-OSC w/o NSI in ES

LMA LMA⊕ LMA-D
εe,Vee − εe,Vµµ [−0.21,+1.0] [−3.0,−1.8]⊕ [−0.21,+1.0]
εe,Vττ − εe,Vµµ [−0.015,+0.048] [−0.040,+0.047]
εe,Veµ [−0.15,+0.035] [−0.15,+0.14]
εe,Veτ [−0.21,+0.31] [−0.29,+0.31]
εe,Vµτ [−0.020,+0.012] [−0.020,+0.017]

Table 1. 90% CL bounds (1 d.o.f., 2-sided) on the coefficients of NSI operators with electrons after
marginalizing over all other NSI and oscillation parameters. The bounds are derived from the global
analysis of oscillation data without including the effect of NSI in the ES cross section (NSI induced
by mediators with mass Mmed � 500 keV, see section 3.1). The ranges in the first column (labeled
«LMA») correspond to an analysis in which we restrict θ12 < 45◦. In the second column (labeled
«LMA ⊕ LMA-D»), both θ12 < 45◦ and θ12 > 45◦ are allowed. The same bounds hold for vector
NSI with protons.

– 21 –



J
H
E
P
0
8
(
2
0
2
3
)
0
3
2

Allowed ranges at 90% CL (marginalized)
Vector (X = V ) Axial-vector (X = A)

Borexino GLOB-OSC w NSI in ES Borexino GLOB-OSC w NSI in ES

εe,Xee [−1.1,+0.17] [−0.13,+0.10] [−0.38,+0.24] [−0.13,+0.11]
εe,Xµµ [−2.4,+1.5] [−0.20,+0.10] [−1.5,+2.4] [−0.70,+1.2]
εe,Xττ [−2.8,+2.1] [−0.17,+0.093] [−1.8,+2.8] [−0.53,+1.0]
εe,Xeµ [−0.83,+0.84] [−0.097,+0.011] [−0.79,+0.76] [−0.41,+0.40]
εe,Xeτ [−0.90,+0.85] [−0.18,+0.080] [−0.81,+0.78] [−0.36,+0.36]
εe,Xµτ [−2.1,+2.1] [−0.0063,+0.016] [−1.9,+1.9] [−0.79,+0.81]

Table 2. 90% CL bounds (1 d.o.f., 2-sided) on the coefficients of vector NSI operators with electrons
after marginalizing over all other NSI and oscillation parameters. The bounds are derived from
the global analysis of oscillation data including the effect of NSI in the ES cross section. For
comparison, the results obtained from the analysis of Borexino Phase-II data in ref. [54] are also
shown for comparison. Note that these bounds apply to interactions induced by mediators with
masses Mmed & 10MeV, see section 3.1.

standard (close-to-elliptical) shapes. For the sake of comparison we show for this scenario
the corresponding bounds derived from the analysis of Borexino spectra in ref. [54]. The
comparison shows that for vector NSI with electrons the global analysis of the oscillation
data reduces the allowed ranges of the NSI coefficients by factors ∼ 4–200 with respect to
those derived with Borexino spectrum only. In other words, the NSI contribution to ES
is important to break the LMA-D degeneracy and to impose independent bounds on the
three flavour-diagonal NSI coefficients, but within the LMA solution the effect of the vector
NSI on the matter potential also leads to stronger constraints. This is further illustrated by
the results obtained for the analysis with axial-vector NSI which are shown in figure 4 and
right columns in table 2. Axial-vector NSI do not contribute to the matter potential and
therefore the difference between the results of the global oscillation and the Borexino-only
analysis in this case arises solely from the effect of the axial-vector NSI on the ES cross
section in SNO and SK. Comparing the red and green regions in figure 4 and the two
left columns in table 2 we see that for axial-vector NSI the improvement over the bounds
derived with Borexino-only analysis is just a factor ∼ 2–3.

3.3 Updated constraints on NSI with quarks

Next we briefly summarize the results of the analysis for the scenarios of NSI with either
up or down quarks (more general combinations of couplings to quarks and electrons will be
presented in the next section). For vector NSI this updates and complements the results
presented in refs. [29, 47] by accounting for the effects of increased statistics in the oscillation
experiments, including the addition of new data from Borexino Phase-II. Notice also that
in the present analysis, as mentioned above, the treatment of the SNO data is different than
in refs. [29, 47]. Furthermore when combining with CEνNS we include here the results from
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Figure 3. Constraints on the coefficients for vector NSI with electrons from the global analysis
of oscillation data including the effect of NSI in the ES cross section. Each panel shows a two-
dimensional projection of the allowed multi-dimensional parameter space after minimization with
respect to the undisplayed parameters. The contours correspond to 1σ and 2σ (2 d.o.f.). The
closed red regions correspond to the global oscillation analysis which involves the six NSI plus five
oscillation parameters. For the sake of comparison we also show as green regions the constraints
obtained from the analysis of full Borexino Phase-II spectrum in ref. [54].

COHERENT both on CsI [46, 48] and Ar targets [49, 55], together with the recent results
from CEνNS searches using reactor neutrinos at Dresden-II reactor experiment [52, 56].

Let us start discussing the complementary sensitivity to vector-NSI from the combined
CEνNS results with that from present oscillation data, for general models leading to NSI
with quarks. With this aim we have first performed an analysis including only the effect
of vector NSI on the matter potential in the neutrino oscillation experiments. The results
of such analysis are given in the left column of table 5 in terms of the allowed ranges of
the effective NSI couplings to the Earth matter, ε⊕αβ , defined in eq. (2.18) (see section 3.4
for details). Comparison with the constraints from all available CEνNS data is illustrated
in figure 5 where we plot the allowed regions in the plane (ε⊕ee, ε⊕µµ). The figure shows the
allowed regions obtained by the analysis of each of the two sets of data independently, after
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Figure 4. Same as figure 3 but for Axial-vector NSI.

marginalization over the all other (including off-diagonal) NSI parameters.6 As discussed in
section 2.2.3, even when considering NSI coupling only to quarks, there is always a value
of η for which the contribution of NSI to the CEνNS cross section cancels. Consequently
CEνNS data with a single nucleus does not lead to any constraint on the ε⊕αβ parameters.
However, the cancellation occurs at different values of η for the three nucleus considered
(CsI, Ar, and Ge), and consequently, as seen in the figure, the combination of CEνNS
data with the three nuclear targets does constrain the full space of effective ε⊕αβ, even
after marginalization over η. The constraints derived from the combined CEνNS data are
independent (and complementary) to those provided by the oscillation analysis and, as seen
in the figure, they are fully consistent.

The allowed ranges for vector NSI with up or down quarks are compiled in table 3
and show good qualitative agreement with those of refs. [29, 47], with the expected small
deviations due to the differences in the analysis, quoted CL, and included data.

6Technically the regions for oscillations in figure 5 are obtained by performing each of the two analysis in
terms of the 9 (out of the 10) basic parameters listed in eq. (3.3) (fixing ζ = 0) including the corresponding
value of Yn to each data sample. Therefore the output of each analysis is a χ2 function of the basic 9
parameters, which is then marginalized with respect to all parameters except for the two combinations
shown in the figure.
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Figure 5. Allowed regions in the plane of ε⊕ee and ε⊕µµ for vector NSI with quarks from the
combinations of CEνNS data compared with the allowed regions from the global oscillation analysis
which are the two diagonal shaded bands corresponding to the LMA and LMA-D solutions. Both
the green and blue regions are obtained after independently marginalizing over all other relevant
parameters: NSI couplings (including η) for the CEνNS region, and NSI couplings, η and oscillation
parameters for the «GLOB-OSC» regions. So the values of other NSI and η in the blue and green
regions are not forced to be the same.

Finally for completeness we have also performed a new dedicated analysis including
axial-vector NSI with up or down quarks. Axial-vector NSI with quarks do not contribute
to matter effects nor to CEνNS. They only enter the global analysis via their modification
of the NC event rate in the SNO experiment (see section 2.2.2), which is not able to
constrain the NSI coefficients if all of them are included simultaneously due to possible
cancellations between their respective contributions to the NC rate. Thus in this case we
derive the bounds assuming that only one NSI coupling is different from zero at a time.
The corresponding allowed ranges can be found in table 4.

As seen in the table, for all the coefficients, the allowed range is composed of several
disjoint intervals. They correspond to values of the NSI couplings for which the SNO-NC
event rate is approximately the SM prediction. This can occur for either flavour diagonal or
flavour non-diagonal coeficients because solar neutrinos reach the Earth as mass eigenstates,
so the density matrix describing the neutrino state at the detector is diagonal in the mass
basis, but not in the flavor basis. The presence of non-vanishing off-diagonal ρα 6=β elements
is responsible for the sensitivity to off-diagonal εα 6=β coefficients. More quantitatively, the
ranges correspond to coefficients verifying:

0 ' Tr
[
ρSNO

(
GA
gA

)2]
− 1 =

 ρSNOαα

[(
εq,Aαα

)2 ± 2 εq,Aαα
]
,(

ρSNOαα + ρSNOββ

) (
εq,Aα 6=β

)2 ± 4 Re
(
ρSNOα 6=β

)
εq,Aα 6=β

(3.4)

where the upper line holds when the NSI coefficient included is flavour diagonal, and the
lower one when it is flavour-changing and the ± sign correspond to q = u and q = d
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Allowed ranges at 90% CL (1-parameter)
GLOB-OSC

εu,Aee [−2.1,−1.8]⊕ [−0.19,+0.13] −εd,Aee
εu,Aµµ [−2.2,−1.7]⊕ [−0.26,+0.18] −εd,Aµµ
εu,Aττ [−2.1,−1.8]⊕ [−0.20,+0.15] −εd,Aττ
εu,Aeµ [−1.5,−1.2]⊕ [−0.16,+0.12]⊕ [+1.4,+1.7] −εd,Aeµ
εu,Aeτ [−1.5,−1.3]⊕ [−0.13,+0.10]⊕ [+1.4,+1.7] −εd,Aeτ
εu,Aµτ [−0.085,+0.11]⊕ [+1.6,+1.9] −εd,Aµτ

Table 4. 90% CL bounds (1 d.o.f., 2-sided) on the effective axial-vector NSI couplings with quarks.
The bounds are derived from the global analysis of oscillation data including the effect of NSI in
the SNO NC cross section and assuming only one NSI coupling different from zero at a time. As
explained in section 3.1, these bounds apply to models with Mmed & 3MeV.

respectively. Thus the allowed range for flavour diagonal NSI is formed by two solutions
around εq,Aαα = 0 and εq,Aαα = −2. For flavour off-diagonal NSI it is formed by solutions
around εq,Aα 6=β = 0 and εq,Aα 6=β = ∓4 Re(ρSNOα 6=β )

/
(ρSNOαα +ρSNOββ ). For εq,Aeµ (and similarly for εq,Aeτ )

this last condition corresponds, in fact, to two distinct solutions, both around |εq,Aeµ | 6= 0
and two possible signs, due to the two different signs of ρSNOeµ for the two CP-conserving
values of δCP ∈ {0, π}. On the contrary, ρSNOµτ takes very similar values for δCP ∈ {0, π},
and consequently for εq,Aµτ the two non-zero solutions closely overlap around εu,Aµτ ∼ 1.7
(εd,Aµτ ∼ −1.7).

3.4 Constraints on NSI with quarks and electrons: effective NSI in the Earth

Let us now discuss the most general case in which NSI with quarks and electrons are
considered, parametrized by the angles η and ζ introduced in eqs. (2.4) and (2.5). We focus
on vector NSI because in this case the interplay between matter and scattering effects, and
therefore the dependence on the couplings to charged fermions involved, is expected to play
a most relevant role.

In this framework, it is useful to quantify the results of our analysis in terms of the
effective NSI parameters which describe the generalized Earth matter potential, which are
in fact the relevant quantities for the study of long-baseline and atmospheric oscillation
experiments. The results are displayed in figure 6 and on the right column in table 5 where
we show the allowed two-dimensional regions and one-dimensional ranges of the effective NSI
coefficients for the global analysis of oscillation and CEνNS data, after marginalizing over
all other parameters. Therefore what we quantify in figure 6 and the right column in table 5
is our present knowledge of the matter potential for neutrino propagation in the Earth,
for NSI induced by mediators heavier than Mmed & 50MeV (as discussed in section 3.1)
and for any unknown value of η and ζ. Technically this is obtained by marginalizing the
results of the global χ2 with respect to η and ζ as well, and the ∆χ2 functions plotted in
the figure are defined with respect to the absolute minimum for any η and ζ which, lies
close to η ∼ −45◦ and ζ ∼ 10◦.
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Figure 6. Constraints on the effective generalized NSI in the Earth matter (relevant for matter
effects in LBL experiments) with arbitrary values of η and ζ. Each panel shows a two-dimensional
projection of the allowed multi-dimensional parameter space after minimization with respect to the
undisplayed parameters. The contours correspond to 1σ and 2σ (2 d.o.f.).

From these results we see that the allowed ranges for the diagonal ε⊕αα parameters
are composed of two disjoint regions. However let us stress that they both correspond to
the LMA solution since neither of them falls within the LMA-D region (which requires
ε⊕ee − ε⊕µµ = −2). In fact, the LMA-D solution is ruled out beyond the CL shown in figure 6
and, as will be discussed in section 3.5 in more detail, the combination of oscillation data
with CEνNS results for different nuclear targets is required to reach this sensitivity.

Conversely, for mediators with masses Mmed � 500 keV, effects on ES and CEνNS
experiments would be suppressed even if NSI involve couplings to both quarks and electrons,
and the only effect of NSI will be the modification of the matter potential in neutrino
oscillations. The same holds for NSI with quarks only (i.e., for ζ = 0) induced by mediators
with masses Mmed � 10MeV. Since in the matter potential the effects for protons or
electrons are indistinguishable, the allowed ranges of the effective ε⊕αβ are the same in both
scenarios, which are given on the left column in table 5 (and included in figure 5). As
discused in section 2.1, in this case the analysis can only constrain the differences between
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Figure 7. Two-dimensional projections of the allowed regions (at 90% and 3σ CL) onto ∆m2
12 and

θ12 parameters, after marginalizing over all other oscillation parameters and over NSI couplings to
quarks and electrons. Red regions correspond to the analysis of KamLAND and Solar data; blue
regions include all oscillation data; and green regions include all oscillation and CEνNS data. In all
cases, NSI effects on ES are fully accounted for in the fit. For comparison, the empty contours (solid
black lines) show the corresponding regions for the global oscillation analysis without NSI.

flavour-diagonal NSI coefficients. Furthermore, the allowed range of ε⊕ee − ε⊕µµ contains a
disjoint interval around −2 (which at 90% CL further splits into two sub-intervals as seen
in the table) corresponding to the LMA-D solution, which is well allowed in these scenarios.
We will discuss this in more detail in section 3.5.

We finish this section by discussing the impact of NSI in this general framework (where
we allow couplings to quarks and electrons simultaneously) on the determination of the
oscillation parameters in the solar sector. This is shown in figure 7, where we see that the
determination of the oscillation parameters within the LMA region, which is the region
favored by the fit, is rather robust even after the inclusion of NSI couplings to both quarks
and electrons. Comparing the blue and red regions in the figure we see that the inclusion of
data from atmospheric and LBL experiments is important to reach such robustness. This
had been previously shown in refs. [28, 29] for NSI with quarks only; here we conclude that
the same conclusions hold also in presence of NSI with electrons, as long as their impact on
ES is accounted for in the fit. Also, the allowed LMA regions are not very much affected
by the addition of the CEνNS data and it is very close to that of the oscillation analysis
without NSI. As also shown in the figure, the LMA-D is only allowed at 97% CL or above
(for 2 d.o.f.). The current status of the LMA-D region is discussed in more detail in the
next section.
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3.5 Present status of the LMA-D solution

In this section, we discuss in more detail the present status of the LMA-D region in light of all
available data, for models leading to NSI couplings to quarks and electrons simultaneously.
We start by exploring the dependence of the presence of the LMA-D solution on the
specific combination of couplings to the charged fermions considered. In order to do so it is
convenient to introduce the functions χ2

LMA(η, ζ) and χ2
LMA-D(η, ζ) which are obtained by

marginalizing the χ2 for a given value of η and ζ over both the oscillation and the matter
potential parameters within the regions θ12 < 45◦ and θ12 > 45◦, respectively. With this, in
the left (central) panels of figure 8 we plot isocontours of the differences χ2

LMA(η, ζ)−χ2
no-NSI

(χ2
LMA-D(η, ζ)− χ2

no-NSI) where χ2
no-NSI is the minimum χ2 for standard 3ν oscillations (i.e.,

without NSI). In the right panels we plot χ2
LMA-D(η, ζ)− χ2

LMA(η, ζ) which quantifies the
relative quality of the LMA and LMA-D solutions. In each row in this figure we include
only a subset of the data as indicated by the labels.

The upper panels of figure 8 show the results when only oscillation data is analyzed
accounting for the effects of NSI on the matter potential, but without including the effect
of NSI in the ES cross sections in Borexino, SNO, and SK. As outlined in section 3.1, these
results would therefore apply to NSI models with very light mediators, Mmed � 500 keV. In
this scenario (as shown in section 2.1) only the combination of NSI couplings to electrons,
protons and neutrons, parametrized by the effective angle η′ in eq. (2.16), is relevant.
Therefore the ∆χ2 isocontours are curves along tan η′ = tan η / (cos ζ + sin ζ) = constant.
From the upper left panel we see that for most of (η, ζ) values, the inclusion of NSI leads
only to a mild improvement of the global fit to oscillation data (χ2

LMA(η, ζ)−χ2
no-NSI > −4).

As discussed in ref. [29] (Addendum), with the updated SK4 solar data the determination
of ∆m2

21 in solar and in KamLAND experiments are fully compatible at . 2σ level. The
inclusion of NSI only leads to an overall better fit at a CL above 2σ (but still not statistically
significant in any of the different data samples) for (ζ, η) along the darker band. In particular
the best fit lies along tan η′ ∼ −1

/
Y ⊕n ≈ −0.95 (η′ ≈ −43.6◦) for which NSI effects in the

Earth matter cancel, so there is no constraint from Atmospheric and LBL experiments on
the NSI which can lead to that slightly better fit to Solar + KamLAND data within the
LMA solution. The central and right panels show the status of the LMA-D solution in this
scenario. We find that LMA-D provides a good solution in most of the (η, ζ) plane. The
LMA-D is only very disfavoured for (ζ, η) along the band with 2.75 . tan η′ . −1.75. For
these values the NSI contribution to the matter potential in the Sun cancels in some point
inside the neutrino production area and therefore the degeneracy between NSI and the
octant of θ12 cannot be realized.

The impact of including NSI in the ES cross section in Borexino, SNO, and SK can be
seen in the middle row panels in figure 8. Since these panels include the effect of NSI in
ES, they apply to NSI models with mediator masses 10MeV .Mmed . 50MeV. The main
effect is that the ζ values for which the LMA-D solution is allowed become very restricted
(in fact the best fit point for all panels are always close to ζ = 0) as long as η does not
approach 90◦, and consequently the dependence of ζ is heavily suppressed. Thus, once the
effect of NSI in the ES cross section is included, the results are not very different from those
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Figure 8. Isocontours of χ2
LMA(η, ζ) − χ2

no-NSI, χ2
LMA-D(η, ζ) − χ2

no-NSI and χ2
LMA-D(η, ζ) −

χ2
LMA-D(η, ζ) of the global analysis of oscillation data without including NSI in the ES cross

sections at Borexino, SNO, and SK (upper panels), and including the NSI in the ES cross sections
at Borexino, SNO, and SK (middle panels). The lower panels shows of the result adding the data
from CEνNS experiments. We show projections in the plane of angles (ζ, η) (after marginalization
of all other parameters) which parametrize the relative strength of the NSI couplings to up-quarks,
down-quark, and electrons. The levels corresponding to the different colours are given on the color
bar on the right. Contours beyond 20 are white. In each panel the best-fit point is marked with a
star (middle and bottom rows) or by a solid black line (upper row). Results in the upper row are
applicable to NSI induced by mediators with Mmed � 500 keV; in the middle row, for models with
Mmed & 10MeV; and in the lower row, for models with Mmed & 50MeV, see section 3.1 for details.

obtained for ζ = 0 (no coupling to electrons) in refs. [29, 47]. The middle and right panels
in this row also illustrate how, as long as only oscillation data is included, the LMA-D
solution is still allowed with a CL comparable and even slightly better than LMA.

The lower panels in figure 8 include the combination of all data available and are
therefore applicable to NSI with mediators above Mmed & 50MeV. When comparing the
LMA (LMA-D) to the SM hypothesis (i.e., no NSI) we find that the global minimum of
the fit is better (comparable) to that obtained in absence of NSI, as shown in the middle
and left panels. However, we also see that the inclusion of the CEνNS data in the analysis
severely constrains the LMA-D solution. Quantitatively we find that LMA-D becomes
disfavoured with respect to LMA with ∆χ2 > 4.7 for any value of (η, ζ) (right panel) and it

– 32 –



J
H
E
P
0
8
(
2
0
2
3
)
0
3
2

75 50 25 0 25 50 75
 (°)

15

10

5

0

5

10

15

20

2 LM
A

D
2 LM

A

GLOB OSC w NSI in ES
GLOB OSC w NSI in ES + COH CsI
GLOB OSC w NSI in ES + COH CsI + COH Ar
GLOB OSC w NSI in ES + COH CsI + COH Ar
+Dresden II (Ge)

Figure 9. Dependence of χ2
LMA-D(η, ζ)− χ2

LMA(η, ζ) on η after marginalizing over ζ for different
combination of experiments as labeled in the figure.

is only allowed7 below ∆χ2 = 9 for very specific combinations of couplings to quarks and
electrons, −2.5◦ ≤ ζ ≤ 1.5◦ and −29◦ ≤ η ≤ −13◦.

To further illustrate the role of the different experiments in this conclusion we show
in figure 9 the projection of χ2

LMA-D(η, ζ) − χ2
LMA(η, ζ) on η after marginalizing over ζ

(which, as discussed above, it is effectively not very different from fixing ζ = 0). The figure
illustrates the complementarity of the CEνNS data with different targets. As discussed in
section 2.2.3, the effects of NSI in CEνNS on a given target, characterized by a value of Yn,
cancel for η′′ = arctan(−1/Yn) (with tan η′′ = tan η/ cos ζ ' tan η). This corresponds to
η ' −35.4◦ (Y CsI

n ≈ 1.407), −39.3◦ (Y Ar
n ≈ 1.222), and −38.4◦ (Y Ge

n ≈ 1.263) for CsI, Ar,
and Ge respectively. Thus, as seen in the figure, the combination of the constraints from
CEνNS with the different targets is important to disfavour the LMA-D solution.

4 Summary

In this work we have presented an updated analysis of neutrino oscillation data and in
combination with the results of CEνNS on a variety of targets with the aim of establishing
the allowed size and flavour structure of CP-conserving NC NSI which affect either the
evolution of neutrinos in a matter background and/or their detection cross section. We
have included in our fit all the latest solar, atmospheric, reactor and accelerator data used
for the standard 3ν oscillation analysis in NuFIT-5.2 with the only exception of T2K and
NOνA appearance data whose hints in of CP violation cannot be accommodated within
the CP-conserving approximation assumed in this work. When combining with CEνNS

7Notice than this is different than what we show in figure 8, where marginalization over η, ζ has
been performed.
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we include the results from COHERENT data on CSI and Ar detectors, together with the
results Dresden-II reactor experiment with a Ge detector.

The study extends previous works by considering either vector or axial NSI with an
arbitrary ratio of couplings to up-quarks, down-quarks, and electrons (parametrized by
two angles, η and ζ). In the oscillation analysis including vector NSI involving interactions
with electrons (ζ 6= 0), which could affect both the propagation and ES detection cross
section in Borexino, SNO, and SK, we have consistently accounted for the interplay of
flavour transitions in both effects by employing the density matrix formalism (which we
had previously proposed). Furthermore we have considered two scenarios: (a) including
the NSI only in the matter effects (characteristic of models where NSI are generated by
mediators much lighter than O(500 keV)), and (b) including the NSI both in propagation,
CEνNS, and ES scattering (characteristic of models where NSI are generated by mediators
heavier than O(50MeV)). Our results show that:

• From the methodological point of view, the validity of the adiabaticity assumption
for the neutrino propagation in the Sun in the presence of NSI (and of NP, in general)
is not a given. But we conclude that using the adiabatic approximation leads to the
correct allowed ranges of NSI coefficients in all cases studied, as long as one removes
from the explored space of NSI couplings those points for which adiabaticity in the
Sun is violated.

• The global oscillation analysis of vector NSI which enter only via the matter potential
leads to the bounds on the five combinations εf,Vee − εf,Vµµ and εf,Vττ − εf,Vµµ and εf,Vα 6=β
shown in figure 2 and table 1 for interactions with electrons, and in the first column in
table 3 for interactions with up and down quark. The 90% bounds range from ∼ 0.5%
to ∼ 30% for εf,Vττ − εf,Vµµ and εf,Vα 6=β , while εf,Vee − εf,Vµµ presents two (quasi)degenerate
allowed ranges around 0 and ∼ −2 (∼ −1) for NSI with electrons (quarks) which
correspond to the well-known LMA and LMA-D solutions.

• The LMA-D solution is realized for generic vector NSI couplings to electrons and
quarks as long as only considering propagation effects (see first row in figure 8) unless
the couplings come in a ratio that cancels their contribution to the solar matter
potential (2.75 . tan η / (cos ζ + sin ζ) . −1.75).

• Including the effect of the vector NSI in the ES scattering cross sections in Borexino,
SK and SNO, lifts the degeneracy and disfavours the LMA-D solution unless the
NSI coupling to the electrons is suppressed compared to the coupling to quarks (see
second row in figure 8). But it still provides a good fit to the data for a wide range of
ratios of the couplings to up and down quarks, and it is allowed at 3σ for η < −70◦
or η > −40◦ (see figure 9).

• For vector NSI coupling to electrons only, the inclusion of NSI in the ES scattering
cross sections eliminates the LMA-D solution and allows for independent determination
of the three εf,Vαα . But within the LMA solution, our comparative results show that it
is the presence of the NSI in the matter potential which drives the strong constraints.
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• For vector NSI coupling mostly to quarks induced by mediators with Mmed & 50MeV,
the combination of the oscillation results with the data from CEνNS disfavours the
LMA-D solution beyond ∼ 2σ for any value of η and it is only allowed below ∆χ2 = 9
for −29◦ ≤ η ≤ −13. (see figures 8 and 9). We find that the combination of CEνNS
with different nuclear targets is important to disfavour the LMA-D solution at that
level.

• The determination of the oscillation parameters within the LMA region is rather
robust even after the inclusion of NSI couplings to both quarks and electrons as large
as allowed by the global oscillation data analysis itself (see figure 7).

• Axial-vector NSI only enter in the analysis via their effects in the interaction of solar
neutrinos in Borexino, SNO, and SK when coupling to electrons, or in the NC rate
in SNO when coupling to quarks. For interactions with electrons their bounds are
notably weaker than those on vector NSI (see figure 4 and table 2). For interactions
with quarks they cannot be all independently bounded (see table 4 for one parameter
bounds).

Moreover, to quantify the possible implications that generic models leading to NSI may
have for future Earth-based facilities, we have projected the results of our analysis in terms
of the effective NSI parameters which describe the generalized matter potential in the Earth,
relevant for the study of atmospheric and long-baseline neutrino oscillation experiments
(see figure 6 and table 5).

To summarize, this work provides the most general study of NSI involving quarks and
electrons up to date using neutrino oscillation data and measurements of CEνNS using
neutrinos from spallation and reactor sources. While the scope of this work is restricted to
neutrino facilities, dark matter direct detection experiments are rapidly approaching the
so-called neutrino floor. If affected by NSI, significant deviations on the expected results
may be observable [102–104]. While present experiments are not competitive yet in this
regard, the upcoming generation of experiments will soon provide interesting limits on NSI
and may offer additional synergies with neutrino oscillation and CEνNS data [57].
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