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New, neutrinophilic mediators are one potential extension beyond the Standard Model of particle
physics. Often, studies of a neutrinophilic mediator consist of searching for direct evidence of its
production and/or its tree-level virtual effect for generating strong neutrino self-interaction. In this work, we
focus instead on the fact that such new mediators also lead to deviations in neutrino-matter scattering via
radiative corrections. With a mediator mass well below the electroweak scale, these effects are potentially
observable in a variety of contexts, including coherent elastic neutrino-nucleus scattering, neutrino deeply
inelastic scattering, and neutrino-electron scattering (e.g., at Borexino). Additionally, such effects lead to
new contributions to the Z-boson decay width and to nonstandard neutrino interactions relevant for long-
baseline oscillation experiments. We explore all of these scenarios in some depth, building on the rich
phenomenology associated with neutrinophilic mediators.
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I. INTRODUCTION

State-of-the-art terrestrial and astrophysical explorations
leave ample space for self-interactions among the active
neutrinos, even much more strongly than predicted by the
Standard Model. Novel neutrino self-interaction is well
motivated. It can account for the relic abundance of sterile
neutrino dark matter produced via an oscillation mecha-
nism in the early universe [1–3] and remain consistent with
small scale structure constraints [4]. Analyses of the cosmic
microwave background and large-scale structure also hint
for the role of strong neutrino self-interactions in the early
universe [5–13]. In recent years, there has been a wealth of
literature investigating the fundamental physics behind
neutrino self-interactions and charting the road map for
upcoming searches [14–81].
The leading model for strong neutrino self-interactions is

to introduce a light gauge-singlet scalar ϕ with a Yukawa
coupling to a pair of neutrinos. This is a simplified model
and the Yukawa interaction can originate from a gauge-
invariant, higher-dimensional operator of the form ðLHÞ2ϕ
[26]. This operator serves as the starting point of many
analyses studying the phenomenological aspects of a light
neutrinophilic scalar.

The necessity of invoking a renormalizable ultraviolet
(UV) completion for this dimension-six operator was
recently pointed out in [68]. Any heavy particle(s) inte-
grated out leading to the ðLHÞ2ϕ operator plays a crucial
role in rendering electroweak processes free from ultra-
violet (UV) divergences at the one-loop level. In this work,
we present detailed calculations of the radiative corrections
induced in electroweak couplings involving neutrinos,
in the context of a scalar SUð2ÞL triplet extension of the
Standard Model (detailed in Sec. II). This UV completes
the self-interacting neutrino model and generates nontrivial
behavior in a number of commonly observed neutrino-
scattering processes.
Our result of radiative corrections in Sec. III will be

useful in making precise predictions for these processes in
order to confront experimental findings. We apply this
to several precision Standard Model tests involving neu-
trino neutral-current scattering. The impact on current and
future weak-mixing-angle measurements using neutrino
scattering is discussed in Sec. IV. We revisit and sharpen
the discussion of the invisible Z-boson decay and its con-
straint on such neutrinophilic mediator models in Sec. V.
In Sec. VI, we derive a new, leading constraint on ντ-philic
self-interactions for mediator masses above approximately
20 MeV and below a few GeV. We explore the process
of solar neutrinos scattering elastically off electrons and
Borexino’s measurement of this process in Sec. VII.
Finally, we offer some concluding remarks and discussion
in Sec. VIII.
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II. NEUTRINOPHILIC SCALAR MODEL
AND UV COMPLETION

The low-energy simplified model for neutrino self-
interactions involving a neutrinophilic scalar mediator ϕ
has the following interaction Lagrangian,

L ¼
X

α;β¼e;μ;τ

λαβ
2

ν̄αν
c
βϕþ H:c:; ð2:1Þ

where να represents the active neutrinos that belong to the
lepton doublets under SUð2ÞL, νc ¼ iγ2ν� denotes the
right-handed antineutrino field, and ϕ is a Standard-
Model (SM) gauge singlet with no direct coupling to the
other particles. For concreteness, we assume ϕ to be a
complex scalar. This assumption is not necessary; the same
result holds for the case where ϕ is real. In this work, we
explore the mass range of ϕ below the electroweak (EW)
scale. For the flavor-dependent coupling parameters λαβ,
popular literature choices include the flavor-universal/
diagonal case (λαβ ¼ λδαβ), and the ντ-specific case
(λαβ ¼ λδατδβτ), where δ is the Kronecker delta function.
The interaction Lagrangian in Eq. (2.1) can be obtained

from gauge-invariant operators

ðL̄αiσ2H�ÞðH†iσ2Lc
βÞϕþ H:c:; ð2:2Þ

where Lα ¼ ðνα;lαÞT is a SM lepton doublet, and
Lc
β ¼ ðνcβ;lc

βÞT . Inside each bracket, the antisymmetric
tensor iσ2 operates in the SUð2ÞL space.
To facilitate the discussion of radiative corrections in the

presence of a light ϕ, we present a UV-complete model for
the effective operator in Eq. (2.2) which extends the
SM with ϕ and an SUð2ÞL-triplet scalar boson T with
hypercharge −2,

T ¼
�
T−=

ffiffiffi
2

p
T0

T−− −T−=
ffiffiffi
2

p
�
; ð2:3Þ

whose two indices transform as 2 ⊗ 2̄ under SUð2ÞL. Its
kinetic term takes the form Tr½ðDμTÞ†ðDμTÞ� and the
covariant derivative is

DμT ¼ ∂μT þ g
2
½Wa

μσ
a; T� − g0BμT; ð2:4Þ

where Wa
μ and Bμ are the gauge bosons of SUð2ÞL and

Uð1ÞY , respectively, and σa are Pauli matrices. The gauge-
invariant, renormalizable interaction Lagrangian for T
reads

L¼−
X

α;β¼e;μ;τ

yαβ
2
L̄αTiσ2Lc

βþy0HTiσ2THϕ�þH:c:: ð2:5Þ

The neutral component of the triplet, T0, only couples to
neutrinos.

After EW symmetry breaking, hHi ¼ ð0; v= ffiffiffi
2

p ÞT , a
mass-mixing term is generated between T0 and ϕ (both
are complex scalars),

−ðϕ� T0� Þ
�

μ2ϕ y0v2=2

y0�v2=2 M2

��
ϕ

T0

�
; ð2:6Þ

where μ2ϕ and M2 are the mass-squared parameters for ϕ
and T from their potentials. In the large-M limit, the mixing
angle to diagonalize this matrix is approximately

sin θ ≃
jy0jv2
2M2

: ð2:7Þ

In the mass basis, the physical states ϕ̂ and T̂0 are a linear
combination of the original ϕ and T0. Their masses are

m2
ϕ̂
≃ μ2ϕ −

jy0j2v4
4M2

; mT̂0 ≃M: ð2:8Þ

Through the mixing, ϕ̂ obtains a Yukawa coupling with the
neutrino bilinear operator, of the form Eq. (2.1), with the
relation

λαβ ¼ yαβ sin θ: ð2:9Þ

In this concrete UV completion, the coupling λαβ is
proportional to the ϕ-T0 mixing sin θ which can serve
as a small expansion parameter in the large-M limit. For
small θ, ϕ̂ primarily consists of the original gauge-singlet ϕ
with a small mixture of T0.
We present the relevant gauge and Yukawa Feynman

rules for ϕ̂ and T̂0; T−; T−− from the triplet in Appendix A,
which are useful for the radiative correction calculation
explored in the next section. For simplicity, we will
suppress the hat over the physical fields for the remainder
of this work.
In this model, we assume that neither T0 nor ϕ has a

vacuum expectation value (VEV), thus the model consid-
ered here plays the sole role of generating novel neutrino
self-interaction. In fact, in the effective operator Eq. (2.2),
the coefficient of ϕ is the Weinberg operator. A nonzero
VEV of ϕ contributes to the Majorana mass of light
neutrinos. Because we are primarily interested in cases
where the coupling λ is not far below 1, the VEV of ϕ, if
nonzero, must be rather low, around or below the eV scale.
The experimental probes of neutrino self-interaction to

be explored in this work all take place at energies well
above the active neutrino masses. It is a good approxima-
tion to treat neutrinos as massless particles in our calcu-
lations. Nonzero neutrino masses could originate from a
separate source, and could be either Dirac or Majorana
in nature. In the Dirac case, right-handed neutrinos are
introduced and it is possible for the entire model to respect
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a Uð1ÞL [or Uð1ÞB−L which is anomaly free] global
symmetry, under which ϕ and T carry a charge −2 [26].
The smallness of their VEVs is thus protected by the global
symmetry if the latter is respected by the entire Lagrangian
to sufficiently high degree. For a similar reason, it is also
technically natural to suppress various operators such as the
Higgs portal of the form ðH†HÞnϕ, as well as the direct
coupling ϕ to charged leptons or quarks.
It is also worth mentioning that the model we explore

in this work is not the only ultraviolet completion of the
effective operator Eq. (2.2). By making analogy to the
seesaw mechanisms, the above model resembles the type-II
seesaw model but with the lepton number violating mass
parameter in the scalar potential replaced by the ϕ field
[82,83]. There could also be type-I and III completions
by introducing new fermions instead of the scalar triplet.
The phenomenology of a light ϕ is similar in all these
models. As argued on general grounds in [68], the radiative
corrections to neutrino gauge couplings always come with
the same logarithmic enhancement factor [see Eqs. (3.14)
and (3.15) below]. However, the different ultraviolet
completions could be distinguished by exploring the
characteristic signals from the heavier BSM particles. A
thorough investigation of alternative models is beyond the
scope of the current work.

III. RADIATIVE CORRECTION TO NEUTRINO
ELECTROWEAK COUPLINGS

In this section, we derive radiative corrections to the
neutrino EW couplings assuming that ϕ is the only new
particle below the electroweak scale. The triplet mass scale
M lies above the EW scale, allowing us to integrate out T.
The discussions here provide detailed calculations behind
the arguments made in Ref. [68] and generalize the results
therein.
The EW Lagrangian of interest here is [84]

L ¼ −ðgZÞαβν̄αγμPLνβ − ðgWÞαβl̄αγ
μPLνβW−

μ þ H:c:;

ð3:1Þ

where PL ¼ ð1 − γ5Þ=2, and α; β ¼ e, μ, τ are flavor
indices. At tree level, the gauge couplings are only nonzero
for α ¼ β and

g0Z ¼ g
2 cos θW

; g0W ¼ gffiffiffi
2

p : ð3:2Þ

With the above definitions of g and v, the Fermi constant is
given by GF ¼ ffiffiffi

2
p

g2=ð8M2
WÞ ¼ ð ffiffiffi

2
p

v2Þ−1.
Next, we calculate the radiative corrections to the gauge

couplings gZ and gW from neutrino self-interaction. In the
simplified model Eq. (2.1), there are two relevant one-loop
diagrams,

ð3:3Þ

where ΓZνν̄ðq2; m2
ϕÞ and Σνðp;m2

ϕÞ are the amputated
vertex correction and neutrino self-energy diagrams.
qμ (pμ) is the momentum running through the incoming
Z-boson (incoming/outgoing neutrino legs). The loops are
equal to

Γð1Þ
Zν̄ανβ

ðq2; m2
ϕÞ ¼ −

λαγλ
�
βγ

32π2

�
2

ε
− 1þ 2

Z
1

0

dx
Z

1−x

0

dy

×

�
ln

�
μ2

ð1 − x − yÞm2
ϕ − xyq2

�

þ xyq2

ð1 − x − yÞm2
ϕ − xyq2

��
;

Σν̄ανβðp;m2
ϕÞ ¼ −

λαγλ
�
βγ

32π2

�
2

ε
þ 1

2
þ log

μ2

m2
ϕ

�
=p; ð3:4Þ

where 2=ε ¼ 2=ð4 − dÞ − γE þ lnð4πÞ is used to regularize
the UV divergence in dimensional regularization,
γE ¼ 0.577 is Euler’s constant, and μ is the renormalization
scale. The sum over flavor index γ is implicit.
Because ϕ is neutrinophilic by definition, there is no

one-loop correction to the charged-current vertex in the
simplified model. If we take the above loop functions to
compute the renormalized gauge couplings, the result will
be UV divergent [68]. It is a manifestation of the incom-
pleteness of the simplified model which fails to respect SM
gauge invariance. To solve this problem, we must resort to a
UV-complete model, e.g., the SUð2ÞL triplet scalar exten-
sion presented above.
In the UV-complete model, it is the triplet T that couples

to the lepton doublets at the most fundamental level. It is
useful to first comment on the renormalization of gauge
couplings in the θ ¼ 0 limit. The only effect of T on the
running of gauge couplings occurs through the gauge-
boson vacuum polarization diagrams. As a result, the
corresponding β functions do not depend on any Yukawa
couplings at one-loop level. On the other hand, the
contributions from vertex corrections and neutrino self-
energy sum up to be UV finite by virtue of the Ward
identity. For sufficiently heavy T, the finite correction is
suppressed by the ratio of q2 to the triplet mass squared
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(∼q2=M2) in the large-M limit, as required by the decou-
pling theorem.
Switching on the ϕ-T0 mixing will not affect the above

UV finiteness which is about physics at much shorter
distances. More precisely, the ϕ-neutrino coupling in the
simplified model is generated via the mixing between ϕ
and T0 after EW symmetry breaking. Both diagrams in
Eq. (3.3) are proportional to sin2 θ (note that λαγλ

�
βγ ¼

yαγy�βγ sin
2 θ), where θ is the ϕ-T0 mixing parameter

introduced in Eq. (2.7). There are additional Feynman
diagrams involving ϕ and T0 that contribute at the same
y2 sin2 θ order and must be taken into account.
Before proceeding, it is crucial to remark that in this

work we are interested in low-energy neutrino scattering

processes with jq2j ≪ v2. With this in mind, we further
assume the hierarchy

jq2j
M2

≪
v4

M4
∼ sin2 θ; ð3:5Þ

which implies that the triplet mass cannot be too far above
the EW scale. Under the assumption of Eq. (3.5), the triplet
contribution in the θ ¼ 0 limit is subdominant to the
Oðsin2 θÞ results that will be derived in Eq. (3.13)(3.14)
below.
In the UV-complete model, the ϕ-T0 mixing leads to

additional vertex-correction diagrams that contribute at
sin2 θ order,

ð3:6Þ

The corresponding loop functions are

Γð2Þ
Zν̄ανβ

ðq2; m2
ϕ;M

2Þ ≃ λαγλ
�
βγ

8π2

�
2

ε
þ 2

Z
1

0

dx
Z

1−x

0

dy ln

�
μ2

xM2 þ ym2
ϕ − xyq2

��
;

ΓWl̄ανβ
ðq2; m2

ϕ;M
2Þ ≃ 1

4
Γð2Þ
Zνν̄ðq2; m2

ϕ;M
2Þ: ð3:7Þ

Hereafter, we use a universal scale M to denote the scalar
triplet mass. The mass difference among its components is
tightly constrained by EW precision observables [85].
In the second line, the relative factor 1=4 can be under-
stood from the number of Feynman diagrams in Eq. (3.7)
and the triplet gauge and Yukawa Feynman rules given in
Appendix A.
The above is not yet the entire story. For the neutral-

current vertex, we also need to take into account another
class of contribution from the same set of the above

Feynman diagrams, (3.3) and (3.6), but with ϕ replaced
by T0 and the corresponding Yukawa coupling to neutrino

is y instead of λ. The counterparts of Γð1Þ
Zν̄ανβ

and Σν̄ανβ are

proportional to yαγy�βγ cos
2 θ instead of λαγλ�βγ . The counter-

part of Γð2Þ
Zν̄ανβ

is proportional to yαγy�βγ cos
4 θ. As mentioned

earlier, these contributions exist in the UV-complete theory
in the absence of ϕ-T0 mixing. For θ ¼ 0, the decoupling
theorem applies to the sum of these diagrams along with the
following ones involving T�,

ð3:8Þ

The sum is finite and in the large-M limit is negligible for low-q2 processes under our assumption in Eq. (3.5). For nonzero
θ, there is a mismatch compared to the θ ¼ 0 case. This results in an order sin2 θ contribution from the triplet T, which takes
the form
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ΓðTÞ
Zν̄ανβ

ðq2;M2Þ ≃ −Γð1Þ
Zν̄ανβ

ðq2;M2Þ − Γð2Þ
Zν̄ανβ

ðq2;M2;M2Þ

−
∂Σν̄ανβðp;M2Þ

∂=p
: ð3:9Þ

The minus sign in front of Γð1Þ
Zν̄ανβ

comes from

ðcos2 θ − 1Þ ¼ − sin2 θ, where the sin2 θ combines with
yαγy�βγ to form the coupling factor λαγλ�βγ. The minus sign in

front of Γð2Þ
Zν̄ανβ

comes from 1
2
ðcos4 θ − 1Þ ≃ − sin2 θ in the

small θ limit. The extra factor 1
2
is used to eliminate double

counting because the two diagrams contributing to Γð2Þ
Zν̄ανβ

in

Eq. (3.6) are identical after replacing ϕ by T0.
Similarly, for the charged-current vertex, we also take

into account the above diagrams with T0 replacing ϕ. Here,
both counterparts of the vertex diagram ΓWl̄ανβ

and self-

energy diagram Σν̄ανβ are proportional to yαγy�βγ cos
2 θ. In

the θ ¼ 0 limit, they must be added to the following
involving T� and T�� but not T0,

ð3:10Þ

in order to render radiative corrections finite and have the correct decoupling behavior. For nonzero θ and neglecting the
parts suppressed by q2=M2, the order-sin2 θ contribution from the heavy triplet takes the form

ΓðTÞ
Wl̄ανβ

ðq2;M2Þ ≃ −ΓWl̄ανβðq2;M2;M2Þ − 1

2

∂Σν̄ανβðp;M2Þ
∂=p

: ð3:11Þ

Collecting all the terms, the renormalized gauge couplings are calculated as

ðδgZÞαβ ¼ g0Z

�
Γð1Þ
Zν̄ανβ

ðq2; m2
ϕÞ þ Γð2Þ

Zν̄ανβ
ðq2; m2

ϕ;M
2Þ þ ΓðTÞ

Zν̄ανβ
ðq2;M2Þ þ ∂Σν̄ανβðp;m2

ϕÞ
∂=p

�

¼ g0Z

�
Γð1Þ
Zν̄ανβ

ðq2; m2
ϕÞ þ Γð2Þ

Zν̄ανβ
ðq2; m2

ϕ;M
2Þ þ ∂Σν̄ανβðp;m2

ϕÞ
∂=p

− Γð1Þ
Zν̄ανβ

ðq2;M2Þ − Γð2Þ
Zν̄ανβ

ðq2;M2;M2Þ − ∂Σν̄ανβðp;M2Þ
∂=p

�
;

ðδgWÞαβ ¼ g0W

�
ΓWl̄ανβðq2; m2

ϕ;M
2Þ þ ΓðTÞ

Wl̄ανβ
ðq2; m2

ϕ;M
2Þ þ 1

2

∂Σν̄ανβðp;m2
ϕÞ

∂=p

�

¼ g0W

�
ΓWl̄ανβðq2; m2

ϕ;M
2Þ þ 1

2

∂Σν̄ανβðp;m2
ϕÞ

∂=p
−ΓWl̄ανβ

ðq2;M2;M2Þ − 1

2

∂Σν̄ανβðp;M2Þ
∂=p

�
: ð3:12Þ

It is obvious that these results are UV finite and have the correct decoupling behavior when mϕ ¼ M → ∞. It is worth
noting that both δgZ and δgW are equal to the above ϕ diagram contributions subtracting the same set of diagrams with ϕ
replaced by T0. Their structure is consistent with the argument made in the Appendix of [68].
Relevant for phenomenological studies, we present the renormalized gauge couplings in the heavy triplet limit while

keeping ϕ light, M2 ≫ m2
ϕ; jq2j,

ðδgZÞαβ ¼ −
g0Zλαγλ

�
βγ

32π2

�
ln
M2

m2
ϕ

−
11

2
þ 2

Z
dxdy

�
ln

�
M2

ð1 − x − yÞm2
ϕ − xyq2

�
þ xyq2

ð1 − x − yÞm2
ϕ − xyq2

��
; ð3:13Þ
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and

ðδgWÞαβ ¼ −
g0Wλαγλ

�
βγ

64π2

�
ln
M2

m2
ϕ

− 2

�
: ð3:14Þ

An interesting observation of Eqs. (3.13) and (3.14) is
that the renormalized neutrino-Z-boson coupling ðgZÞαβ
depends on the momentum transfer q2 but ðgWÞαβ does not.
Such a dependence arises due to the separation betweenmϕ

and M mass scales. It is useful to examine the limiting
behaviors of ðgZÞαβ as a function of Q≡ ffiffiffiffiffiffiffiffi

−q2
p

which is
the momentum transfer in neutrino neutral-current scatter-
ing processes,

ðgZÞαβ
g0Z

¼ δαβ −
λαγλ

�
βγ

32π2
×

8<
:

lnM2

Q2 þ lnM2

m2
ϕ
− 7

2
; Q ≫ mϕ

2 lnM2

m2
ϕ
− 4; Q ≪ mϕ

:

ð3:15Þ
If ϕ is the only beyond-SM particle with mass well below
the EW scale, gZ runs logarithmically with Q and gets
smaller at lower energies. This running effect ceases afterQ
falls below the mϕ threshold.
Figure 1 depicts the energy-scale dependence of g2Z for

three choices of mϕ and with the coupling λ set to unity.
Here for simplicity, we set the gauge coupling parameters at
the Z-pole to their best fit values in the Standard Model,1 so
that the couplings of the Z boson to fermions other than
neutrinos remain intact. In contrast, due to the radiative
correction from ϕ, the Zνν̄ coupling deviates from the
Standard Model prediction even at the Z-pole. Such a
deviation can be constrained by the invisible Z-boson
decay width measurement by LEP-II, as will be discussed
in Sec. V.

IV. IMPLICATIONS FOR WEAK MIXING
ANGLE MEASUREMENTS

Measuring the weak mixing angle sin2 θW and its
running with respect to momentum-transfer scales is one
of the most powerful tests of the EW theory. So far, the
most precise measurements come from electron-electron
and electron-hadron scattering processes [86]. NuTeV
measured this quantity using neutrino scattering, yielding
a higher value of sin2 θW than expected for GeV-scale
momentum transfer [86,87]. As we will show in this
section, the neutrinophilic scalar ϕ can impact neutrino-
scattering observables in nontrivial ways, predicting devi-
ations of inferred measurements of sin2 θW depending
on the type of probe. We will explore two specific
probes quantitatively—neutrino deep-inelastic scattering
(νDIS) and coherent elastic neutrino-nucleus scattering
(CEvNS)—and provide some discussion surrounding a
third, electron-neutrino elastic scattering (eνES).
Because most neutrino-centric measurements of sin2 θW

are probed using muon-neutrino beams, we will focus on
νμ-philic self-interactions for the remainder of this section.
We will assume that the interaction of ϕ takes the following
structure,

λαβ ¼ λδαμδβμ: ð4:1Þ

A. Neutrino deep-inelastic scattering (νDIS)

For high-energy neutrino scattering (still with center-of-
mass energy well below the EW scale), one can infer the
running of the weak mixing angle by measuring both
neutral- and charged-current neutrino cross sections for
scattering on isoscalar targets [87,88]. An often-adopted
observable is the Paschos-Wolfenstein parameter, which
is directly related to sin2 θW at the corresponding energy
scale [89]

R− ≡ σνμN→νμX − σν̄μN→ν̄μX

σνμN→μ−X − σν̄μN→μþX
≃
1

2
− sin2θWðQÞ: ð4:2Þ

In the presence of neutrino self-interaction, the neutral and
charged current interaction cross sections are rescaled by
the ratios ðgZðQÞ=g0ZÞ2 and ðgW=g0WÞ2, respectively. In turn,
the predicted R− value is modified. If one insists to attribute
such an effect to the running of the weak mixing angle, they
would interpret the result as

ðsin2 θWÞapparent ¼
1

2
−
�
1

2
− sin2 θWðQÞ

� ðgZðQÞ=g0ZÞ2
ðgW=g0WÞ2

:

ð4:3Þ

On the right-hand side, sin2 θWðQÞ stands for the actual
weak mixing, which is equal to ðsin2 θWÞapparent in the

FIG. 1. Radiative correction to the Zνν̄ coupling as a function
of momentum transfer Q in the presence of a light scalar ϕ that
mediates neutrino self-interaction. M ¼ 1 TeV, λαγλ�βγ ¼ 1.

1A more careful analysis including global fit to all EW obser-
vables in the singlet-triplet model for neutrino self-interaction
will be presented in a separate work.
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absence of neutrino self-interaction. Because the radiative
correction in Eq. (3.13) reduces gZ at lowerQ, the resulting
ðsin2 θWÞapparent is larger than the actual value. This effect is
shown by the left panel of Fig. 2. The black data point
shows the measurement from NuTeV [87]—if the higher-
than-expected measurement is interpreted as evidence for
self-interactions, it points to couplings λμμ ≈ 0.5 for media-
tor masses mϕ ≈ 10 GeV.

B. Coherent elastic neutrino-nucleus
scattering (CEvNS)

At much lower momentum-transfer scales, neutrinos
can interact coherently with the entire nucleus in the
process now referred to as “CEvNS.” This scattering
process, first measured in 2017 [92], provides a comple-
mentary neutrinophilic test of the running of sin2 θW at
much lower Q.
The differential cross section for CEvNS as a function of

the nucleus’s recoiling kinetic energy T is

dσνN→νN

dT
¼ G2

FQ
2
WM

8π

�
2 −

MT
E2
ν

�
FðQÞ2; ð4:4Þ

where Eν is the incoming neutrino energy, M is the target
nucleus mass, and F is the nuclear form factor. The weak
charge is QW ¼ N − Zð1 − 4 sin2θWðQÞÞ where N, Z are
the number of neutrons and protons inside the nucleus.
Introducing the neutrino self-interactions affects the neu-
trino-Z boson coupling and the cross section is further
rescaled by a factor of ðgZðQÞ=g0ZÞ2. Again, if one insists to
attribute it to the running of the weak mixing angle, they
would interpret the result as

ðsin2θWÞapparent
¼ 1

4

�
1 −

N
Z
þ gZðQÞ

g0Z

�
4 sin2θWðQÞ − 1þ N

Z

��
: ð4:5Þ

Interestingly, the radiative correction from Eq. (3.13) that
reduces gZðQÞ at low energies is now interpreted as a
smaller ðsin2 θWÞapparent than the actual value, which is the
opposite to the finding with the ν-DIS experiment. We
show this behavior for a few choices of ðN; ZÞ in the right
panel of Fig. 2.
By performing both the ν-DIS and CEνNS experi-

ments precisely, one can break the degeneracy between
the usual scale dependence of sin2 θW and the novel
radiative correction to Zνν̄ coupling from neutrino self-
interaction.

C. Electron-neutrino elastic scattering (eνES)

Additionally, the weak mixing angle can be extracted by
measuring neutrino-electron scattering in a neutrino-beam
environment [93–95]. These measurements exploit the
electron-recoil-energy dependence of this scattering proc-
ess, as well as differences between (for instance) νμ and νe
differential cross sections, to perform such a measurement.
Reinterpreting such a result in the context of adjusted
gZðQÞ is not straightforward—a dedicated analysis of eνES
is necessary to determine the sensitivity of this probe to the
effect of neutrino self-interactions and we leave it to future,
dedicated work. Nevertheless, given the momentum trans-
fers probed by eνES and the projected sensitivities pre-
sented in Refs. [93–95], we expect that this probe will be
comparable to, and even more powerful than, CEvNS
measurements in this context.

FIG. 2. If one absorbs the novel Q dependence of gZ into the running of the weak mixing angle, the corresponding values of sin2 θW
needed to interpret the neutrino DIS and CEνNS experiments are shown by the left and right panels, respectively, taking M ¼ 1 TeV,
λμμ ¼ 0.5. The left panel includes the measurement using νDIS from NuTeV [87]; the right includes measurements determined from the
COHERENT [90] and Dresden-II [91] experiments’ results.
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V. CONSTRAINT FROM INVISIBLE Z WIDTH
MEASUREMENT

We revisit the constraint on neutrino self-interaction
from the LEP-II measurement of invisible Z boson decay
width [96]. For light ϕ, this constraint was first estimated
based on the tree-level decay channel Z → ννϕ [26,39].
Subsequent references attempted to include loop correc-
tions to Z → νν̄ decay. However, we find discrepancies

between our results and the past literature. Here, we present
our calculation of the invisible Z decay width in the context
of the UV complete model presented in Sec. II.
We first present the radiative correction to Z → ναν̄β

decay, using the result of δgZ given Eq. (3.13). Starting
from the tree-level Z → νν̄ decay width, Γtree

Z→νν̄ ¼
ðg0ZÞ2MZ=ð24πÞ, the correction due to δgZ is equal to

δΓZ→ναν̄β ¼ Γtree
Z→νν̄

2ReðδgZÞαβ
g0Z

¼ −

ffiffiffi
2

p
GFM3

Zλαγλ
�
βγ

384π3

�
ln
M2

m2
ϕ

−
11

2

þ 2Re
Z

1

0

dx
Z

1−x

0

dy

�
ln

�
M2

ð1 − x − yÞm2
ϕ − xyM2

Z

�
þ xyM2

Z

ð1 − x − yÞm2
ϕ − xyM2

Z

��
; ð5:1Þ

where we used g0Z ¼ ð ffiffiffi
2

p
GFM2

ZÞ1=2. If the final-state
flavors α ≠ β, one also needs to add the above result to
the decay width of the charge-conjugate channel Z → νβν̄α.
Importantly, our result is free from UV divergences. In
contrast, a previous work [66] did not work with a gauge-
invariant model and lacked explicit UV-divergence can-
cellation, leaving the finite part of the radiative correction
ambiguous.
In addition to the loop process, a light ϕ can also be

radiated by the final state neutrino or antineutrino, leading
to three-body Z-boson decay Z → νανβϕ

� that occurs at the

sameOðλ2Þ order. It is useful to provide some details of our
calculation. For a given momentum assignment, there are
always two diagrams contributing,

ð5:2Þ

The corresponding decay amplitude for ZðqÞ → ϕ�ðp1Þ þ
ναðp2Þ þ νβðp3Þ reads

iM ¼ iλαβg0Z
ðp1 þ p2Þ2

ūðp2Þð=p1 þ =p2ÞγμPRvðp3ÞεμZðqÞ −
iλαβg0Z

ðp1 þ p3Þ2
ūðp2ÞγμPLð−=p1 − =p3Þvðp3ÞεμZðqÞ; ð5:3Þ

where the relative minus sign between the two terms arises because the Zνν̄ and Zνcν̄c couplings are opposite. When writing
down the above decay amplitudes, we treat the final-state νβ as the antiparticle of νcβ field. The resulting three-body decay
rate (adding the charge-conjugate channel Z → ν̄αν̄βϕ

�) is (for α ≠ β)

ΓZ→νανβϕ
� þ ΓZ→ν̄αν̄βϕ ¼

ffiffiffi
2

p
GFM3

Zjλαβj2
192π3

��
ln

�
M2

Z

m2
ϕ

�
−
11

3

�
þ 8m2

ϕ

M2
Z

�
ln

�
M2

Z

m2
ϕ

�
−
5

8

�

þ 2m4
ϕ

M4
Z

�
ln

�
M2

Z

m2
ϕ

��
ln

�
MZmϕ

M2
Z þm2

ϕ

�
þ 3

2

�
þ 9

2
þ Li2

�
M2

Z

M2
Z þm2

ϕ

�
− Li2

�
m2

ϕ

M2
Z þm2

ϕ

��
−

m6
ϕ

3M6
Z

�
:

ð5:4Þ

Note, if the final state neutrino flavors are identical α ¼ β, the above three-body decay rates should be multiplied by an extra
factor of 1=2. Our result differs from [38,66].
The PDG-averaged Z-boson invisible decay width is 499.3� 1.5 MeV [84], which leads to the upper bound

X
αβ

�
ð2 − δαβÞδΓZ→ναν̄β þ

ΓZ→νανβϕ
� þ ΓZ→ν̄αν̄βϕ

1þ δαβ

�
< 3 MeV; ð5:5Þ

at 2σ CL. Both terms on the left-hand side occur at Oðλ2Þ order.
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To present constraint, one needs to make choices
of λ flavor structure. We consider two cases in this work:
(i) ντ-philic self-interaction

X
α;β;γ

λαγλ
�
βγ ¼

X
α;β

jλαβj2 ¼ jλττj2 ð5:6Þ

(ii) flavor universal self-interaction

X
α;β;γ

λαγλ
�
βγ ¼

X
α;β

jλαβj2 ¼ jλeej2 þ jλμμj2 þ jλττj2 ≡ jλj2:

ð5:7Þ

The corresponding Z-decay constraints at 2σ CL are shown
in Figs. 3 and 6, respectively.
In addition to the invisible final states including neu-

trinos, the Z boson could also decay into ϕϕ�. The leading
order contribution to this decay channel occurs at tree level
through the mixing between ϕ and T0. The corresponding
Feynman diagram is shown in Appendix A. This partial
decay rate goes as fourth power of the mixing angle,

ΓZ→ϕϕ� ¼
ffiffiffi
2

p
GFM3

Z sin
4 θ

12π

�
1 −

4m2
ϕ

M2
Z

�3=2

: ð5:8Þ

Requiring ΓZ→ϕϕ� to be smaller than 3 MeV leads to
j sin θj < 0.28. The exact upper bound on λαβ, however,
depends on the value of the fundamental Yukawa coupling
of the model yαβ. Using the coupling relation given in
Eq. (2.9), we obtain

jλαβj < 0.28jyαβj: ð5:9Þ

Requiring yαβ to satisfy the perturbative unitarity con-

straint, jyαβj ≲
ffiffiffiffiffiffi
4π

p
, leads to jλαβj ≲ 1.0, which is weaker

than the limit derived using Eq. (5.5).

VI. CONSTRAINT FROM NONSTANDARD
NEUTRINO INTERACTIONS

In this section, we explore a λ flavor structure of interest
to cosmology where the self-interaction only applies for tau
neutrinos,

λαβ ¼ λδατδβτ: ð6:1Þ

Due to the violation of flavor universality, we identify a
relevant constraint on this scenario from experiments
probing nonstandard interactions (NSI) between neu-
trinos and matter. The neutrino self-interaction affects the
Z-mediated neutral currents at one-loop level.
The neutrino-matter interaction potential, allowing for

NSIs, is commonly parametrized as

Vαβ ¼
ffiffiffi
2

p
GFne

0
B@

1þ ϵee ϵeμ ϵeτ

ϵμe ϵμμ ϵμτ

ϵτe ϵτμ ϵττ

1
CA: ð6:2Þ

The standard Mikheyev-Smirnov-Wolfenstein potential
[99,100] corresponds to the case of all ϵαβ ¼ 0. The
ντ-philic self-interaction gives radiative correction to the
Zντν̄τ coupling, ðδgZÞττ, given by Eq. (3.13). In turn,
the only nonzero NSI parameter ϵττ originates from the
deviation of ντ-matter interaction via the Z-boson exchange
from the SM prediction,

FIG. 3. Sensitivity to ντ self-interactions from existing experimental bounds for two values of the scalar triplet mediator mass (left and
right panels). Shaded regions show limits derived from a global analysis of nonstandard neutrino interactions using oscillation and
scattering data [97] and from atmospheric neutrino data in Super-Kamiokande [98], both at 90% C.L. Current bounds at the 2σ C.L.
from other sources are shown in gray, including IceCube measurements of ultrahigh-energy astrophysical neutrinos [42], the invisible Z
decay width (revisited in this work), and cosmologically relevant regions corresponding to the moderately interacting neutrinos (MIν)
solution, indicated by the light green band.
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Vττ ≃
ðδgZÞττg0Z

M2
Z

ðgeVne þ guVnu þ gdVndÞ; ð6:3Þ

where g0Z ¼ g=ð2 cos θWÞ, GF ¼ ðg0ZÞ2=ð
ffiffiffi
2

p
M2

ZÞ, and the
vector couplings are

geV ¼ −
1

2
þ 2 sin2θW; guV ¼ 1

2
−
4

3
sin2θW;

gdV ¼ −
1

2
þ 2

3
sin2θW: ð6:4Þ

For simplicity, we assume isoscalar matter with an equal
number of proton and neutrons, thus nu ¼ nd ¼ 3ne. As a
result, the bracket in Eq. (6.3) is equal to ð−1=2Þ and we
obtain

ϵττ ¼ −
ðδgZÞττ
2g0Z

¼ jλj2
32π2

�
ln
M2

m2
ϕ

− 2

�
: ð6:5Þ

The Super-Kamiokande experiment has set an upper
bound on the NSI [98,101]

jεμμ − εττj < 0.049 × 3: ð6:6Þ

Amore recent analysis that performs a global fit to neutrino
oscillation measurements obtained a much stronger con-
straint [97]

−0.0215 < εττ − εμμ < 0.0122: ð6:7Þ

Both limits are set at 90% C.L. We show the corresponding
constraint on the λττ versus mϕ parameter space in Fig. 3.
The results have logarithmic dependence on the heavy
scale M. Remarkably, for mϕ below ∼GeV scale, the
neutrino NSI constraint can be stronger than that from
the invisible Z decay width and gives the leading constraint
on the neutrino self-interaction strength. It is also comple-
mentary to the IceCube probe using ultrahigh energy astro-
physical neutrinos which sets the leading constraint for
mϕ ≲ 20 MeV [42].

VII. CONSTRAINT FROM SOLAR NEUTRINO
FLUX MEASUREMENT

In this section, we explore the solar-neutrino flux
measurement recently made by the Borexino experiment
using elastic scattering off electrons in the detector. The
high-precision spectroscopy of solar neutrinos achieved
by Borexino [102], combined with global flux determi-
nations [103] and comparisons with standard solar models
(SSMs) [104] makes Borexino a sensitive probe of new
physics in the neutrino sector [105,106]. In this section,
we examine its potential to constrain neutrino self-
interactions (νSI).

For clarity of the discussion, we consider flavor-diagonal/
universal couplings for the neutrino self-interaction,

λαβ ¼ λδαβ: ð7:1Þ

In this case, the radiative correction to neutrino gauge
couplings, Eqs. (3.13), (3.14), are flavor diagonal and their
coefficients simplify to λαγλ

�
βγ ¼ jλj2. Moreover, because

the neutrinophilic scalar ϕmass is constrained to be heavier
than several MeV by big-bang nucleosynthesis, the solar-
neutrino/electron scattering occurs with Q ≪ mϕ. The
renormalized gauge couplings are well approximated by

gZ
g0Z

¼ 1 −
jλj2
16π2

�
ln
M2

m2
ϕ

− 2

�
;

gW
g0W

¼ 1 −
jλj2
64π2

�
ln
M2

m2
ϕ

− 2

�
: ð7:2Þ

In our numerical analysis, we use the more general formula
Eq. (3.13) for gZ. In the UV complete model, the triplet
scalar could also mediate neutrino-electron scattering at
loop level. However, this contribution is governed by the
decoupling theorem and suppressed by powers of s=M2,
where s is the center-of-mass energy square of the scatter-
ing and M is the triplet mass. It is negligible for the low
energy process considered here.
For MeV-scale solar neutrinos detected by Borexino, it is

a good approximation to assume the target electron to be at
rest and ignore its atomic binding energy. The differential
scattering cross section for ναe− → ναe− is

dσναe
dT

ðEν; TÞ ¼
2G2

Fme

π

�
ðgαLÞ2 þ ðgαRÞ2

�
1 −

T
Eν

�
2

− ðgαLÞðgαRÞ
meT
E2
ν

�
; ð7:3Þ

where T is the final-state electron recoil energy. For a given
incoming neutrino energy Eν, the range of T is

0 ≤ T ≤
2E2

ν

me þ 2Eν
: ð7:4Þ

For given recoil T, the smallest incoming neutrino energy
for the scattering to happen is

Emin
ν ðTÞ ¼ T þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2 þ 2meT

p
2

: ð7:5Þ

The couplings gαL and gαR depend on the neutrino flavor
α ¼ e, μ, τ and are affected in the presence of neutrino self-
interaction,
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gαL ¼ gZ
g0Z

�
sin2 θW −

1

2

�
þ gW
g0W

δαe; gαR ¼ gZ
g0Z

sin2 θW;

ð7:6Þ

where the ratios gZ=g0Z and gW=g0W are given in Eq. (7.2).
SM, EW radiative corrections to the neutrino-electron

elastic scattering cross section [107] are included in our
analysis—in the context of Borexino, these effects modify
the expected observations at the ≲ few% level and are
subdominant to the new-physics effects we explore in this
work [106]. The corrections modify the tree-level cross
sections by including virtual- and soft-photon effects,
bremsstrahlung, QED vertex contributions, nonfactorizable
terms, and dynamical corrections from fermion loops.
Building on these radiative corrections, we next incorporate
the modification to the differential cross sections arising
from a neutrinophilic mediator, as given by Eq. (7.2). In
Fig. 4, we show the differential cross sections for νe, νμ, and
ντ electron elastic scattering, comparing the SM predictions
(with EW radiative corrections) to those in the presence of
νSI, which results in a reduction of the cross section for νμ
and ντ and a T-dependent modification of the electron-
neutrino recoil spectrum. For electron neutrinos, since both
neutral-current and charged-current interactions contribute,
in the presence of νSI, the coupling geL remains approx-
imately unchanged, while geR decreases. At low recoil
energies, where the terms in the elastic scattering cross
section are comparable, this leads to a reduction in the
combination of the first two terms in Eq. (7.3) and therefore
a decrease in the differential cross section near the low-T
endpoint. At high recoil energies (T ≃ Eν), the combination
of nonvanishing terms increases slightly, resulting in a tilt

in the recoil spectrum for electron neutrinos. For muon and
tau neutrinos interacting only via neutral currents, the
decrease in left- and right-handed couplings is the same,
directly reducing the cross section across the spectrum.
We analyze Borexino Phase III data following

Refs. [105,106]. The dataset includes the monoenergetic lines
from 7Be (Eν ¼ 0.862 MeV) and pep (Eν ¼ 1.44 MeV)
neutrinos, as well as the continuous CNO spectrum up to
1.74 MeV. Borexino, a 278-ton ultrapure liquid scintillator
detector at LNGS, measures solar neutrinos via elastic
scattering on electrons. Its spectral analysis distinguishes
contributions from pp, pep, CNO, 8B, and 7Be fluxes.
Among these, the 7Be flux is most precisely measured, with
a 2.7% uncertainty reported in Phase II.
The predicted recoil spectrum is obtained from

Sfαi ¼ N eT liveε

Z
Niþ1

h

Ni
h

dNh

Z
dT

dR
dNh

ðT;NhÞ

×
Z

Emax
ν

Emin
ν ðTÞ

dEν
dϕf

eα

dEν
ðEνÞ

dσναe
dT

ðEν; TÞ; ð7:7Þ

where Eν is the neutrino energy, dϕf
eα=dEν denotes the

differential neutrino flux of flavor α arriving at Earth after
oscillations, originating from the solar source f, and we
pick f∈ f7Be; pep;CNOg. The detector response function
dRðT;NhÞ=dNh maps true recoil energy T to number of
photomultiplier hits Nh, modeled as Gaussian [105]. For
Phase III, the normalization accounts for the number of
electron targets N e inside the 71.3 ton scintillator volume,
the live time is T live ¼ 1431.6 days, and the overall effi-
ciency is ε ¼ 98.5%.
Electron neutrinos produced in the solar core undergo

flavor conversion via matter-induced effects, and later
through vacuum oscillations in their journey to Earth [100].
We fix oscillation parameters to the NuFit best-fit values
[108], assuming three-flavor evolution through the Sun,
and adopt survival and appearance probabilities from
Ref. [109]. Figure 5 shows the predicted spectra with
and without νSI for mϕ ¼ 1 MeV and jλj ¼ 1.5. The effect
of νSI is a suppression of the signal, with mild recoil-
energy dependence.
To compute the allowed regions for νSI with Borexino,

we follow an analysis similar to Ref. [106], but with the
difference that, in addition to the 7Be flux, we also allow the
pep and CNO flux normalizations to vary. The χ2 function
used for the statistical analysis is given by

χ2 ¼
X
i

	
Nobs

i − ðBi þ SiÞ


2

σ2i
þ χ2FN; ð7:8Þ

FIG. 4. Differential cross sections for neutrino–electron elastic
scattering, including electroweak radiative corrections (solid) and
in the presence of νSI (dashed), shown for each neutrino flavor.
The effect of νSI reduces the cross section for muon and tau
neutrinos and induces a slight tilt in the electron-neutrino
spectrum due to the charged-current contribution.
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where Nobs
i is the observed spectrum, σi are Borexino bin-

by-bin uncertainties, and χ2FN enforces flux normalization
priors. To ensure Gaussian statistics, every five bins are
combined into one. We restrict the analysis to the photo-
multiplier hit range Nh ≤ 450, where Nh is an estimator of
the recoil electron energy. Above this region, the dominant
background arises from 11C [110]. All background rates Bi
are kept fixed throughout our analysis. Our analysis uses
the subtracted dataset, corresponding to 64.28% of the solar
neutrino events.
The flux normalizations fn7Be; npep; nCNOg here are

defined relative to GS98 [111,112] SSM predictions; for
CNO, all three components are rescaled simultaneously
with fixed ratios. We allow the flux normalizations to vary,
subject to Gaussian priors implementing the solar lumi-
nosity constraint [113], as well as the pep to pp neutrino
flux ratio, fixed by solar physics with a 2% theoretical
uncertainty. We relegate the details of the analysis to
Appendix B—therein (Fig. 8) we show the results of our
Borexino analysis with respect to all free parameters
(normalizations as well as new-physics parameters).

Here, we consider a relatively aggressive case, in which
we fix the predicted flux normalizations to their SSM
expectations. We then derive a constraint at 2σ C.L. as a
function of mϕ and λ as shown by the red region in Fig. 6.
Even under this aggressive assumption, we see that the
constraint from Borexino is weaker than other existing
constraints, for instance that from the invisible decay
width of the Z boson. We explore how this constraint is
further weakened if we allow the flux normalizations
to vary in Fig. 7. It is possible that with more precise
solar-neutrino/electron scattering data, one can constrain
self-interactions more precisely than other searches; how-
ever, such a search will be limited by systematic uncer-
tainties associated with the flux normalizations.
For comparison, in Fig. 6 we also show laboratory

constraints from the kaon decay width and the NA62 shape
analysis of kaon decays [66], together with cosmological
bound from the measurement of the effective number of
neutrino species during the big bang nucleosynthesis
(BBN) era [37]. Assuming ΔNeff ≲ 0.3 [114], the later
translates into a lower bound ofmϕ ≳ 3 MeV for a complex
scalar mediator that equilibrates with neutrinos before weak
interaction decoupling.

VIII. DISCUSSION

In this work, we present detailed calculations of radiative
correction to neutrino electroweak couplings at one-loop
level from novel neutrino self-interactions mediated by a
light scalar particle ϕ. Our results, obtained by UV-
completing the ννϕ simplified operator in an extension

FIG. 5. Event spectrum of elastic electron–neutrino scattering
as a function of the number of hits. Borexino Phase III
(subtracted) data are compared with the total predicted signal
(black) and with the prediction including νSI (pink). Solid lines
show the individual solar-neutrino components for the best-fit
flux normalizations (Standard Model only), while dashed lines
show a νSI scenario with mϕ¼ 10 MeV and λ ¼ 1.5. The total
background is indicated by the gray line. In the lower panel, the
relative deviation of the prediction including νSI from the total
predicted signal is shown, with the total predicted signal
normalized to 1.

FIG. 6. Borexino bound on the parameter space of the neutrino
self-interaction model. The red shaded region shows the 2σ
confidence level obtained from an analysis of Borexino Phase III
spectral data, with flux normalizations fixed to the standard solar
model predictions. For comparison, we also display constraints
from the Z invisible decay width discussed in Sec. V, as well as
laboratory bounds from Kaon decay width and the NA62 shape
analysis of kaon decays [66], together with cosmological limits.
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of the Standard Model with an SUð2ÞL scalar triplet, are
essential for making precision predictions for various
neutrino-matter scattering processes.
(1) We quantify their impact on the weak mixing angle

measurements using νDIS and CEνNS processes.
(2) We refine the calculation of the Z-boson invisible

decay width.
(3) For the case of ντ-philic neutrino self-interactions,

we explore the effect on NSI between neutrino and
matter and derive a leading constraint on the model
parameter space for mϕ between 20 MeV and GeV
scales.

(4) We perform a detailed study of solar-neutrino/
electron scattering in Borexino. While the Borexino
limit is still weaker than other existing constraints,
our analysis paves the way for future improvement
with larger-exposure and lower-noise detectors.

The breadth of these different processes demonstrates the
wide-ranging consequences of invoking neutrino self-inter-
actions beyond the SM. Only by considering a global
perspective can we fully test whether such self-interactions
exist. Our work points toward a number of future directions
for further exploration, and potentially, discovery.
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APPENDIX A: FEYNMAN RULES IN THE
UV COMPLETE MODEL

In this appendix, we present the Feynman rules in the
singlet (ϕ) and triplet (T) extension of the Standard Model
relevant for our calculations. Following the main text, we
define g0Z ¼ g=ð2 cos θWÞ, g0W ¼ g=

ffiffiffi
2

p
. The Z boson is

defined as Zμ ¼ cos θWW3
μ − sin θWBμ. The Standard

Model gauge Feynman rules for neutrinos and charged
leptons are

where α, β are used to denote lepton flavors.
Adding the SUð2ÞL triplet T and turning on the ϕ-T0

mixing θ, the corresponding gauge interactions are

The Yukawa interactions of the scalars with neutrino and
charged leptons are
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APPENDIX B: BOREXINO ANALYSIS

In our analysis, we define the reduced solar flux
normalization parameters as

ni ¼
Φi

ΦSSM
i

; i ¼ 7Be; pep;CNO; ðB1Þ

where ΦSSM
i are the reference neutrino fluxes from the

latest GS98 high metallicity standard solar model predic-
tions [112,116].

When the solar flux normalizations are allowed to vary
freely, following Ref. [104], we impose priors from solar
luminosity constraints [117]. These constraints require that
the total thermal energy generated, together with each solar
neutrino flux, matches the observed solar luminosity. The
corresponding χ2 contribution is

χ2LC ¼ ðPiβið1 − niÞÞ2
ð0.0034Þ2 ; ðB2Þ

where βi denotes the fractional contribution of the ith
nuclear reaction to the total solar luminosity, with numeri-
cal values taken from [104]. The pep to pp neutrino flux
ratio is predicted with very small theoretical uncertainty,
and we implement this constraint by imposing a 2%
Gaussian prior on fpep, reflecting the spread among differ-
ent SSM predictions. For the CNO fluxes, the three
components are scaled simultaneously by a single nor-
malization parameter while keeping their relative ratios
fixed as predicted by the SSM.
In the analysis allowing the solar flux normalizations

to vary, we scan over all flux parameters together with the
νSI parameters ðjλj; mϕÞ. The resulting one- and two-
dimensional Δχ2 projections are presented in Fig. 7 for
a fixed mediator mass of mϕ¼ 10 MeV. In the presence of
neutrino self-interactions, the 1σ solar flux normalizations,
after profiling over all other parameters including jλj and
mϕ, are determined to be

n7Be ¼ 1.008þ0.041
−0.024 ; npep ¼ 1.005þ0.029

−0.025 ;

nCNO ¼ 1.266þ0.15
−0.14 : ðB3Þ

We show the corresponding 1σ confidence region for the
νSI parameters in Fig. 8, obtained by marginalizing over
the solar flux normalizations.
A more rigorous limit can be achieved by repeating the

analysis with the flux normalizations fixed to their SSM
values, and the corresponding 1σ and 2σ confidence
regions for this fixed-normalization analysis are shown
in Fig. 8.
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FIG. 7. Borexino Phase III analysis of the neutrino self-interaction universal coupling for a fixed mediator mass (mϕ¼ 10 MeV),
allowing the 7Be, pep, and CNO solar neutrino flux normalizations to vary with Gaussian priors around their standard solar model (SSM)
predictions. The off-diagonal panels show the two-dimensional allowed regions at 1σ and 2σ confidence levels (for 2 d.o.f., with
corresponding intervalsΔχ2 ¼ 2.30, 6.18), while the diagonal panels display the one-dimensionalΔχ2 profiles for each parameter. In all
cases, results are obtained after marginalizing over the parameters not shown. Best-fit points for the fluxes are marked with an “x,” and
ni ¼ 1 corresponds to the SSM values.
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