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In this work, we investigate the connection and compatibility between νn → ν̄ n̄ reactions and n-n̄
oscillations based on the SUð3Þc × SUð2ÞL ×Uð1Þ symmetry model with additional Higgs triplets. We
explore the possibility that the scattering process νn → ν̄ n̄ produced by low-energy solar neutrinos gives rise
to an unavoidable background in the measurements of n-n̄ oscillations. We focus on two different scenarios,
depending on whether the (B − L) symmetry could be broken. We analyze the interplay of the various
constraints on the two processes and their observable consequences. In the scenario where both (Bþ L) and
(B − L) could be broken, we point out that if all the requirements, mainly arising from the type-II seesaw
mechanism, are satisfied, the parameter space would be severely constrained. In this case, although the
masses of the Higgs triplet bosons could be within the reach of a direct detection at the LHC or future high-
energy experiments, the predicted n-n̄ oscillation times would be completely beyond the detectable regions of
the present experiments. In both scenarios, the present experiments are unable to distinguish a νn → ν̄ n̄
reaction event from an n-n̄ oscillation event within the accessible energy range. Nevertheless, if any of the two
processes is detected, there could be signal associated with new physics beyond the Standard Model.

DOI: 10.1103/PhysRevD.101.056015

I. INTRODUCTION

Baryon number (B) and lepton number (L) are usually
considered as accidental symmetries in three fundamental
interactions of the Standard Model (SM) [1]. Some non-
perturbative effects in the SM may violate the B, L, and
(Bþ L) symmetries, but the difference (B − L) is still
conserved [2–5]. B-violation, in particular, is one of the
three criteria suggested by Sakharov to explain the
observed matter-antimatter asymmetry in our Universe
[6]. Additionally, in order to generate the observed asym-
metry, the (B − L) symmetry must be conserved too, or else
the nonperturbative sphaleron process may smooth out
such asymmetry [7,8]. In some new physics models, such
as the left-right SUð3Þc × SUð2ÞL × SUð2ÞR ×Uð1ÞB−L
symmetry model [9–12], the grand unified SUð5Þ sym-
metry model [13], the partially unified SUð4Þc × SUð2ÞL ×
SUð2ÞR symmetry model [14–16] etc., unlike B alone or L
alone, the difference (B − L) is implemented as a symmetry
in describing the interactions among quarks and leptons,
predicting the existence of the (Bþ L)-violating processes

such as hydrogen-antihydrogen (H − H̄) oscillations
[17–19] and νn → ν̄ n̄ reactions. In such models, symmetry
can be broken spontaneously to the SUð3Þc × SUð2ÞL ×
Uð1Þ symmetry model, leading to n-n̄ oscillations
[14,15,17–19] and neutrino Majorana masses [18]. In
cosmology, some leptogenesis scenarios are proposed to
explain the asymmetry between matter and antimatter, but if
the B-violating n-n̄ oscillations are observed, then the
leptogenesis models will be ruled out, assuming that it
occurs at the energy scale where n-n̄ oscillations are in
equilibrium [20,21]. Furthermore, previous studies [17–19]
show that it is possible to estimate theH − H̄ oscillation time
by comparing it with the n-n̄ oscillation time, where a large
degree of uncertainty could be eliminated [17–19] and the
prediction power can be greatly improved. On the other
hand, it is considered that the (Bþ L) symmetry is anoma-
lous [22]. In some other extensions to the SM, the breaking
of (Bþ L) symmetry is also introduced as an important
feature [1,23]. Therefore, testing such global symmetries
could signal new physics beyond the SM [23,24].
The change of a neutron into an antineutron, namely

neutron-antineutron (n-n̄) oscillations, violates B, (Bþ L),
and (B − L) by two units (jΔBj ¼ 2, jΔðBþ LÞj ¼ 2, and
jΔðB − LÞj ¼ 2). The results of the searches for n-n̄
oscillations have been presented by numerous experiments
in different mediums [24] such as field-free vacuum, bound
states, as well as external fields. On the one hand, however,
no significant evidence has been observed for n-n̄
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oscillations so far. The lower limits on the n-n̄ oscillation
times for neutrons inside nuclei are reported by various
experiments, such as Irvine-Michigan-Brookhaven [25],
Kamiokande (KM) [26], Frejus [27], Soudan-2 (SD-2)
[28], Super-Kamiokande (Super-K) [29], and Sudbury
Neutrino Observatory (SNO) [30]. In field-free vacuum,
the present best lower limit on the n-n̄ oscillation time is
reported by the ILL experiment [31].
At the quark level, B, (Bþ L), and (B − L) violations

can only be described by high dimensional operators
associated with some large mass scales and thus the effect
is greatly suppressed and usually considered to be unde-
tectable at low energies [32]. The lower limits on n-n̄
oscillation times for neutrons in matter are derived from the
stability of nuclei [25–30]. However, the instability of
nuclei induced by external low-energy solar neutrinos has
not been excluded because of the detector thresholds. In the
presence of low-energy solar neutrinos, we will see that the
present detectors are unable to distinguish a νn → ν̄ n̄
reaction event from an n-n̄ oscillation event. Therefore,
it is reasonable to assume that some of the reported n-n̄
oscillation candidates may actually be produced by low-
energy solar neutrinos in the scattering process νn → ν̄ n̄ as
depicted in Fig. 1. Following previous studies of theH − H̄
oscillations in Refs. [17–19], it is also possible to relate
νn → ν̄ n̄ reactions to n-n̄ oscillations, meanwhile elimi-
nating a large degree of uncertainty. In this work, we
explore the possible connection between n-n̄ oscillations
and νn → ν̄ n̄ reactions based on the SUð3Þc × SUð2ÞL ×
Uð1Þ symmetry model with additional Higgs triplets. As it
will be shown in the following sections, although, cur-
rently, there is no information available on the experimental
rate for the νn → ν̄ n̄ reaction process, the ratio of the
interaction rate for νn → ν̄ n̄ reaction to the interaction rate
for n-n̄ oscillation can be estimated from a theoretical point
of view by connecting the two processes using the Higgs
triplet and neutrino masses. In such an approach, some
parameters that appear both in the numerator and in the
denominator, such as the nuclear suppression factor, can be
eliminated, making it possible to place constraints on the
two processes and analyze their observable consequences
using the results of the searches for n-n̄ oscillations.
Throughout the paper, if not otherwise mentioned, we

only consider the first generation of particles and anti-
particles, and thus all neutrinos under discussion are
electron-type neutrinos (ν≡ νe).

II. THE MODEL

Figures 2(a) and 2(b) show the possible diagrams at the
quark level for n-n̄ oscillations and νn → ν̄ n̄ reactions,
respectively, mediated by Higgs triplet particles [17,18].
The two processes can be described by the interactions
based on the SUð3Þc × SUð2ÞL ×Uð1Þ symmetry model
with enlarged Higgs sector, which can be embedded in
some grand (or partially) unified models with higher
symmetries. In this model, the fermionic fields take the
following conventional form [17,18]:

QL

�
3; 2;

1

3

�
¼
�
u

d

�
L

; ΨLð1; 2;−1Þ ¼
�
ν

e

�
L

uR

�
3; 1;

4

3

�
; dR

�
3; 1;−

2

3

�
; eRð1; 1;−2Þ: ð1Þ

Here, the right- and left-handed spinors are defined as
ψR=L ≡ PR=Lψ , where PR=L ≡ ð1� γ5Þ=2 are the right and
left chiral projection operators. In addition to the SUð2ÞL
Higgs doublet, two additional SUð2ÞL Higgs triplets are
incorporated into the model as follows [17,18]:

Φð1; 2; 1Þ; Δq

�
6̄; 3;−

2

3

�
; Δlð1; 3; 2Þ: ð2Þ

Here,Φ≡ ðϕþ;ϕ0ÞT is the Higgs doublet, while Δq and Δl

are the two newly added Higgs triplets, namely diquarks
and dileptons, which can be written in the following matrix
form [32–34]:

Δq ¼
 Δudffiffi

2
p Δdd

Δuu − Δudffiffi
2

p

!
; ð3Þ

FIG. 1. A neutron is scattered by a neutrino changing into an
antineutron and an antineutrino (the νn → ν̄ n̄ reaction process).
Here p1 and p2 are the four-momenta of the incoming neutrino
and neutron, respectively, and p4 and p3 are the four-momenta of
the outgoing antineutrino and antineutron, respectively.

(a) (b)

FIG. 2. Possible diagrams for (a) n-n̄ oscillations and
(b) νn → ν̄ n̄ reactions mediated by additional Higgs triplets,
namely diquarks and dileptons.
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Δl ¼
 Δνeffiffi

2
p Δee

Δνν − Δνeffiffi
2

p

!
: ð4Þ

As argued in Ref. [18], in this model, the corresponding
Higgs potential can be chosen to preserve a discrete
symmetry so that the compatibility with the current
experimental constraints on the proton lifetime τp ≳ 1031 −
1033 yr [35], which is model dependent, is assured.
The set of relevant operators, responsible for the two

processes depicted in Fig. 2, can be chosen as
[14,17,18,36,37]

Os ≡ gαβQT
αLC

−1iσ2ΔqQβL þ fαβΨT
αLC

−1iσ2ΔlΨβL

þ λϵikmϵjlnΔ
ij
ddΔkl

ddΔmn
uuΔνν þ H:c: ð5Þ

Here, i; j; k; l; m; n stand for SUð3Þc indices, and α,β stand
for SUð2ÞL indices. The parameters gαβ, fαβ, and λ are the
vertex coupling constants in the Yukawa and gauge sectors.
C represents charge conjugation operator. Actually, the two
diagrams in Fig. 2 are not the only diagrams describing the
interactions responsible for the two processes, considering
that the interactions could also be possibly mediated by
other additional multiplet bosons including leptoquarks and
diquarks like the Δud boson [15,37–39]. For simplicity, in
the following discussions, without loss of generality, we
only focus on the interactions depicted in Fig. 2 but the
conclusions could be applied to the interactions mediated
by such additional multiplet bosons, if we assume that all
the additional multiplet bosons have the same mass.
Since the solar neutrinos have very low energies, it is

reasonable to describe the νn → ν̄ n̄ reaction process using
an effective Lagrangian at the hadron level. The four-
fermion contact interaction was first proposed as an
effective field theory in describing β decay [40] at low
energies, where neutrons and protons are treated as point
particles. The solar neutrinos have an average energy of
around Eν ≃ 0.53 MeV [41], and the corresponding wave-
length is so long that in general they cannot probe the
structure of the nucleons. The degrees of freedom can be
chosen as neutrons and neutrinos. Therefore, in the energy
range of solar neutrinos, the contact interaction is supposed
to be applicable [42–44] without considering the structure
of the neutron.
We assume that the effective Lagrangian at the hadron

level, which describes the νn → ν̄ n̄ reaction process
(depicted in Fig. 1) via scalar four-fermion contact inter-
actions, takes the following form:

−Leff
b ≡Gbjψqð0Þj4ðn̄cνÞðν̄cnÞ: ð6Þ

Here, ψqð0Þ is the quark wave function at the origin and
jψqð0Þj2 ≃ 0.0144ð3Þð21Þ GeV3 [45] is given by the lattice
QCD calculations, with the numbers in parenthesis being
statistical and systematic uncertainties. Gb is the effective

coupling constant and will be discussed in more detail in
the following sections. The superscript c represents charge
conjugation, and the scalar interaction couples states with
opposite chirality.
The constraints on nucleon instability can be determined

through the measurements of two decay modes, such as n-n̄
oscillations [25–30] and the dineutron decay nn → ν̄ ν̄ [46].
Such decay modes violate B and (Bþ L) but the dineutron
decay preserves (B − L). Both the n-n̄ oscillation process
and the νn → ν̄ n̄ reaction process lead to the change of a
neutron into an antineutron, followed by antineutron
annihilation with the surrounding nucleons into pions
[22,24]. However, the nn → ν̄ ν̄ process, which can be
realized after making Fierz transformations to Eq. (6), is
featured with the decay of nucleus into two back-to-back
energetic neutrinos, which are nearly invisible to detectors.
The experimental limits on the lifetimes for the decay mode
with electromagnetically or strongly interacting final states
are several orders of magnitude larger than the ones for the
decay mode with weakly interacting final states such as the
dineutron decay (nn → ν̄ ν̄) [46]. For this reason, we focus
on the n-n̄ process (and the νn → ν̄ n̄ process) rather than
the nn → ν̄ ν̄ process in the following discussions.
Similarly, one could also construct the effective

Lagrangian with (Bþ L) violations for the charged baryon
and lepton sector [43,44,47]. The relevant processes are the
H − H̄ oscillations: e−p → eþp̄ and the diproton decay:
pp → eþeþ. A recent study shows that the determined
constraint on the pp → lþlþ process has excluded new
physics below an energy scale of around 1.6 TeV [43] and
the bounds on the e−p → eþp̄ process are weaker than the
ones on the pp → lþlþ process [43].
At the hadron level, the differential cross section of the

νn → ν̄ n̄ reaction process in the specific model given by
Eq. (6) in the center-of-mass frame can be written as [48]

dσbðνn → ν n̄Þ
dΩ

¼ jMbj2
64π2s

jpfj
jpij

; ð7Þ

where dΩ≡ sin θdθdϕ with θ and ϕ being the scattering
angles. The Mandelstam variable s is defined in the usual
way. In this case, it is easy to see that the relation jpfj ¼
jpij holds. The effective squared amplitude jMbj2 can be
obtained by summing over all final spin configurations and
averaging over all initial spin configurations,

jMbj2 ¼
1

2
ðGbjψqð0Þj4Þ2Tr½ðp1 þmνÞðp3 −mnÞ�

× Tr½ðp2 þmnÞðp4 −mνÞ�; ð8Þ

where mn (mν) is the neutron (neutrino) mass.
In this work, the cross section of the νn → ν̄ n̄ reaction

process is calculated using the FeynCalc package [49,50].
Since the solar neutrinos are mainly in the energy range
from a few keV to 10MeV [51], which satisfy the condition
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mν ≪ Eν ≪ mn, and thus, comparing with their energies,
the tiny neutrino mass could be ignored. The corresponding
cross section in the range mν ≪ Eν ≪ mn can be written
down as follows:

σbðEνÞ ≃
G2

bjψqð0Þj8E2
ν

2π
; ð9Þ

where Eν is the solar neutrino energy. In the following
sections, we will illustrate that νn → ν̄ n̄ reactions produced
by high-intensity solar neutrinos could be considered as an
unavoidable background in search for n-n̄ oscillations.

III. CONNECTION BETWEEN νn → ν̄ n̄
REACTIONS AND n-n̄ OSCILLATIONS

The solar neutrinos are produced from various nuclear
fusion reactions [52–54], such as the pp fusion chain, the
CNO cycle, etc. The corresponding fluxes can be predicted
by the so-called Standard Solar Model [52,55,56] and can
be found from Refs. [56–68]. Numerous experiments
[68–77] have been designed to detect solar neutrinos with
various thresholds (see, e.g., Ref. [78] or Table II). The
neutrino flavor oscillation has been confirmed and the
corresponding ratios of the observed to expected neutrino

rates for solar neutrinos in particular have also been given
in various cases [67,68,73,79].
Considering neutrino flavor oscillations, the expected

number of the νn → ν̄ n̄ reaction events induced by solar
neutrino fluxes can be evaluated as follows:

S ¼ ϵNnTn

�X
α

pα

Z
FαðEνÞσbðEνÞdEν

þ
X
β

pβ

Z
FβðEνÞσbðEνÞδðEν − EβÞdEν

�

¼ ϵNnTnG2
bjψqð0Þj8
2π

�X
α

pα

Z
FαðEνÞE2

νdEν

þ
X
β

pβ

Z
FβðEνÞE2

νδðEν − EβÞdEν

�

≡ 1

2π
ϵNnTnG2

bjψqð0Þj8Φν; ð10Þ

where ϵ is the detection efficiency. The index α refers to
continuum neutrino sources such as pp, 13N, 15O, 17F, 8B,
and hep. The index β refers to monoenergetic neutrino
sources such as 7Be and pep. The factor pα (pβ) stands for
the electron neutrino survival probability for the αth (βth)

TABLE II. Results of the searches for n-n̄ oscillations inside nuclei. Such information is used to put constraints on
the νn → ν̄ n̄ reaction process.

Exp.

Parameter KM [26] Frejus [27] SD-2 [28] Super-K [29] SNO [30]

Exposure (neutron·yr) 3.0 × 1032 5.0 × 1032 2.19 × 1033 2.45 × 1034 2.047 × 1032

Candidates S0 0 0 5 24 23
Backgrounds B0 0.9 2.5 4.5 24.1 30.5
Efficiency ϵ 0.33 0.30 0.18 0.121 0.54
Threshold (MeV) 7a 200b 100c 3.5d 3.5e

aReference [76].
bReference [80].
cReference [81].
dReference [73].
eReference [72].

TABLE I. Solar neutrino fluxes from various sources at the Earth and the corresponding signal fractions χi for
νn → ν̄ n̄ reactions. Numbers in parentheses stand for the power of 10.

Neutrino

Parameter pp 13N 15O 17F 8B hep 7Beð384 keVÞ 7Beð862 keVÞ pep

Flux (cm−2 s−1) 5.98(10)a 2.78(8)a 2.05(8)a 5.29(6)a 5.46(6)a 7.98(3)a 5.30(8)b 4.47(9)b 1.44(8)a

Survival
probability

0.542b 0.528b 0.517b 0.517b 0.384b 0.30c 0.537b 0.524b 0.514b

Signal
fraction χi

53.14% 1.71% 2.47% 0.06% 2.30% 0.01% 0.87% 36.23% 3.20%

aReference [56].
bReference [68].
cReference [73].
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component of the solar neutrino sources and their values
can be found from Refs. [68,73]. Fα (Fβ) is the αth (βth)
component of the solar neutrino fluxes at the Earth, where
the experiments are carried out. Tn is the time of data
taking. Nn is the number of neutron targets. Such infor-
mation is summarized in Tables I and II.
In this work, the predicted solar neutrino fluxes from the

B16 Standard Solar Model (B16-GS98) [56] are used for all
the solar neutrino sources except for the 7Be neutrinos. The
7Be neutrinos have two monoenergetic lines with the
energy of 0.862 and 0.384 MeV, respectively [66,68],
and the corresponding fluxes are taken from Ref. [68].
The third monoenergetic neutrino source comes from the
pep reaction with the energy of 1.44 MeV [82].
We employ the Bayesian statistical method [83,84] to

evaluate the true number of the n-n̄ oscillation events. The
probability for obtaining S0 candidates can be written as
[83,84]

PðS1jS0Þ¼
1

Nc

Z
e−ðS1þB1ÞðS1þB1ÞS0

S0!
gðB1;B0ÞdB1; ð11Þ

where Nc is the normalization constant. S1 is the true
number of events. B1 is the number of background events
and B0 is the expected number of background events.
gðB1; B0Þ is the background prior probability density
function, which is assumed to be the standard normal
distribution. The limit on the true number of events at the
90% confidence level (C.L.) can be determined by the
following expression:

Z
Smax

0

PðS1jS0ÞdS1 ¼ 90%: ð12Þ

In Sec. IV, we will show that νn → ν̄ n̄ reactions are
unavoidable background noises in search for n-n̄ oscilla-
tions. It is, therefore, reasonable to assume that some of the
reported n-n̄ oscillation candidates are actually contributed
from νn → ν̄ n̄ reactions produced by low-energy solar
neutrinos with the noise-to-signal ratio η (η ∈ ½0; 1�). Using
Eq. (10), the derived upper limits on the effective coupling
constant Gb for the νn → ν̄ n̄ reaction process at the
90% C.L. can be expressed as follows:

Gb ≲
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2πηSmax

ϵNnTnjψqð0Þj8Φν

s
: ð13Þ

In order to quantify the noise-to-signal ratio η, besides
violation of the (Bþ L) symmetry, we need to focus on the
following two different scenarios, depending on whether
the (B − L) symmetry could be broken:

A. (B − L) is conserved.
B. (B − L) could be broken.

A. (B−L) is conserved
In this case, we assume that (Bþ L) could be broken

while (B − L) is unbroken, and thus νn → ν̄ n̄ reactions are
allowed while n-n̄ oscillations are forbidden. As it will be
explained in Sec. IV, the present detectors are unable to
distinguish a νn → ν̄ n̄ reaction event from an n-n̄ oscil-
lation event, and the reported n-n̄ oscillation candidates are
all produced by the solar neutrinos in the scattering process
νn → ν̄ n̄, i.e., η ¼ 1.
In this case, the bounds on the effective coupling

constant Gb can be directly evaluated from Eq. (13). At
the quark level, Gb can be expressed as follows:

Gb ≃
g5

M8
Δ
; ð14Þ

where g is the vertex coupling constant and we have
assumed that all the relevant vertex coupling constants
in Eq. (5) take similar values, i.e., λ ≃ guu ≃ gdd ≃ fνν ≡ g.
For simplicity, we could choose a natural value g ≃ 1 for the
vertex coupling constants in our calculation. We have also
assumed that all the components of the Higgs triplets have
the same mass [85], i.e., MΔuu

≃MΔdd
≃MΔνν

≡MΔ. As
argued in Refs. [18,32], those relations can always be
satisfied by adjusting the vertex coupling strengths and
the masses of the Higgs triplets so that they are compatible
with the present limit on the stability of nuclei. The
constraint on the mass of the Higgs triplets MΔ, which
can be interpreted as the energy scale of new physics, takes
the following form:

MΔ ≳
�
g10ϵNnTnjψqð0Þj8Φν

2πSmax

� 1
16

: ð15Þ

The bounds at the 90% C.L. on the masses of the Higgs
triplets MΔ and the cross sections of the νn → ν̄ n̄ reaction
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FIG. 3. Upper bounds at the 90% C.L. on the cross sections of
the νn → ν̄ n̄ reaction process imposed by the n-n̄ oscillation
experiments in the range mν ≪ Eν ≪ mn in scenario A.
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process can be obtained using the results of the searches for
n-n̄ oscillations inside nuclei from various experiments listed
in Table II. As wewill see in Sec. IV, the bounds on the cross
sections and the event rates of the νn → ν̄ n̄ reaction process
are highly nontrivial and thus plotted in Figs. 3 and 4,
respectively.
In order to illustrate that the present detectors are unable

to distinguish if a particular event is an n-n̄ oscillation event
or a νn → ν̄ n̄ reaction event, we characterize the signal
contribution from νn → ν̄ n̄ reactions quantitatively in
terms of the signal fraction χi, which is defined as

χi ≡ SiP
Si
; ð16Þ

where Si is the number of the νn → ν̄ n̄ reaction events
contributed from the ith component of the solar neutrino
sources and the sum runs over all the solar neutrino sources.
The calculated signal fractions from various solar neutrino
sources are presented in Table I and Fig. 4.

B. (B−L) could be broken

In this case, we assume that both (Bþ L) and (B − L)
could be broken, and thus both νn → ν̄ n̄ reactions and n-n̄
oscillations are allowed. At the quark level, the n-n̄
oscillation process can be described by a dimension-nine
operator while the νn → ν̄ n̄ reaction process can be
described by a dimension-12 operator. It is expected that
the interaction rate for the νn → ν̄ n̄ reaction process is
much smaller than that for the n-n̄ oscillation process. The
noise-to-signal ratio arising from νn → ν̄ n̄ reactions can be
evaluated as follows [86–88]:

η ≃
Gbjψqð0Þj4Pνð0Þ

Gajψqð0Þj4
; ð17Þ

where the parameters Ga and Gb represent the coupling
constants of the n-n̄ oscillation process and the νn → ν̄ n̄
reaction process, respectively. The parameter Pð0Þ≡
dνjψνð0Þj2 is the number density of solar neutrinos at
the origin where the interaction occurs. The dimensionless
parameter dν is the total number of neutrinos inside a
neutron and can be estimated very roughly as follows:

dν ≃
4πr3nFtot

3vr
: ð18Þ

Here, Ftot is the total flux of solar neutrinos, rn ≃ 0.86 fm
[35] is the neutron radius. The neutrino speed vr can be
replaced with the speed of light, because neutrinos travel
at a speed very close to the speed of light [89,90]. The
parameter jψνð0Þj2 is the probability density of finding
a solar neutrino at the origin. In what follows, we will
illustrate that it can be reasonably assumed to be
ðαwmνÞ3=π, where αw ≃ 0.034 [91] is the weak interaction
strength. First of all, from Eq. (17), it is easy to see that the
parameter jψνð0Þj2 exhibits the cubic power dependence
on neutrino (Lorentz-invariant) mass mν or neutrino
energy Eν, simply because the noise-to-signal ratio η,
which is proportional to the number of the events resulting
from νn → ν̄ n̄ reactions, should be a dimensionless
constant. Moreover, it is required by Lorentz invariance
that the only possible choice for the parameter jψνð0Þj2 is
m3

ν, rather than E3
ν. Secondly, a plane-wave description of

neutrino faces the problem that the probability of finding it
is the same at any point of the whole space and thus leads
to an ill-defined parameter jψνð0Þj2. To solve the problem,
a Gaussian wave packet approach has been widely
employed to model the neutrino production, interaction,
and detection processes in both nonrelativistic and rela-
tivistic regimes [92–95]. Nevertheless, such an approach
also has its own problems, one of which, for example, is
the difficulty in guessing the form and in quantifying the
size of the wave packet [92–95]. In this work, we assume
that the wave function of a solar neutrino can be modeled
by a wave packet, and its size can be determined by the
interaction between quarks and neutrinos. In the SM,
neutrinos only interact with quarks via weak interactions,
the strength of which can be characterized by the weak
interaction strength αw [91]. A greater αw causes the wave
packet to be more contracted on the origin, while a smaller
αw causes the wave packet to be more diffuse. Therefore, it
is reasonable to assume that the probability density of
finding the neutrino at the origin obeys a power law
dependence on αw. Finally, the expression can be deter-
mined by comparing it with the corresponding probability
density of finding an electron at the origin in the case of
H − H̄ oscillations [18,19,32,85]. Very roughly, we obtain
the following expression:

Pνð0Þ≡ dνjψνð0Þj2

≃
4r3nFtotðαwmνÞ3

3vr
: ð19Þ
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Although we have explained that ðαwmνÞ3=π is a reason-
able approximation to jψνð0Þj2 with the help of the wave-
packet assumption [92–95] and the Lorentz invariance
requirement, as a matter of fact, it can be obtained by a
direct replacement of electron mass (me) and electromag-
netic fine structure constant (α) with the neutrino mass
(mν) and the weak interaction strength (αw), respectively,
from the relevant expression used for H − H̄ oscillations
in Refs. [18,19,32,85].
The vacuum expectation value of the Δνν field is defined

as hΔννi≡ vΔ=
ffiffiffi
2

p
. A nonzero vΔ breaks the (B − L)

symmetry spontaneously and can be related to the neutrino
mass by the following expression [18,96]:

mν ¼
ffiffiffi
2

p
fννvΔ: ð20Þ

The n-n̄ oscillation process depicted in Fig. 2(a) has been
intensively studied [14,15,19–21,39,97] and the corre-
sponding coupling constant can be given by [15,17,19–
21,37,39,85]

Ga ≃
guug2ddλvΔ
M2

Δuu
M4

Δdd

: ð21Þ

Throughout this work, we assume that neutrinos only
have Majorana masses. However, it would be problematic,
if one assumes that neutrino acquires a Majorana mass
directly from the spontaneous breaking of the (B − L)
symmetry. To begin with, if the (B − L) symmetry breaks
down spontaneously at the energies above the electroweak
scale, then in order to generate tiny neutrino masses the
Yukawa coupling constant fνν should be much smaller than
the ones in the quark sector, which is considered to be
highly unnatural. Furthermore, the vacuum expectation
value vΔ contributes differently to the masses of the W
and Z bosons after the electroweak symmetry breaking, and
then it affects the ρ parameter [98–100] in the following
way:

ρ ≃
v2H þ 2v2Δ
v2H þ 4v2Δ

; ð22Þ

where vH is the vacuum expectation value of the
SUð2ÞL Higgs doublet and satisfies the relation v2H þ
v2Δ≃ ð246 GeVÞ2 [101,102]. The ρ parameter describes
the relative coupling strength between the Higgs bosons
and the gauge bosons, and can be precisely determined
from experiments. The upper bounds on vΔ imposed by
precision electroweak data, such as the measurements of
the ρ parameter, are approximately at the order of 1 GeV
[99,100,103–109]. The lower bounds on vΔ, arising from
the cosmological observations and the measurements
of the lepton flavor violating (LFV) processes (see, e.g.,
Ref. [110]), are approximately at the order of 1 eV
[33,34,104,106,107,111]. In this work, we therefore

reasonably require that the vacuum expectation value vΔ
satisfies the condition 1 eV≲ vΔ ≲ 1 GeV [33,34,99,100,
103–109,111]. Finally, a massless particle called Majoron
[112,113] can be produced from the spontaneous breaking of
the (B − L) symmetry but it has been ruled out by the precise
measurements of Z boson decay [35,114].
The above problems may be solved by the type-II seesaw

mechanism [115–118], which employs the following
potential in describing the interactions between the
Higgs doublet (Φ) and triplet (Δl) [98,100,104,119–122]:

VðΦ;ΔlÞ ¼ −M2
HΦ†Φþ λ0

4
ðΦ†ΦÞ2 þM2

ΔTrðΔ†
lΔlÞ

þ λ1ðΦ†ΦÞTrðΔ†
lΔlÞ þ λ2½TrðΔ†

lΔlÞ�2
þ λ3Tr½ðΔ†

lΔlÞ2� þ λ4Φ†ΔlΔ
†
lΦ

þ ½μΦTiσ2Δ†
lΦþ H:c:�; ð23Þ

where MH is the mass of the Higgs doublet Φ and MΔ are
the masses of the newly added Higgs triplet Δl defined in
Sec. II. Here, we assume that all the components of the
Higgs triplets have the same mass, i.e., MΔee

≃MΔνe
≃

MΔνν
≡MΔ. The μ term in Eq. (23) eliminates Majoron and

violates the lepton number by two units (jΔLj ¼ 2) [33]. In
the type-II seesaw mechanism, the following vacuum
expectation value vΔ can be obtained by minimizing the
potential VðΦ;ΔlÞ [33,101,106,111]:

vΔ ≃
μv2Hffiffiffi
2

p
M2

Δ
: ð24Þ

Actually, the vacuum expectation value vΔ not only can be
given by Eq. (24) but also can be given by Eq. (20). In this
work, we employ Eq. (20) to evaluate vΔ, but we can
always adjust the parameter μ [123], so that the value of vΔ
given by Eq. (24) also satisfies the bounds 1eV≲vΔ≲1GeV
[33,34,99,100,103–109,111].
Similar to H − H̄ oscillations [17–19,32,85,124–126],

the coupling constant for the νn → ν̄ n̄ reaction process
depicted in Fig. 2(b) can be written as

Gb ≃
guug2ddfννλ

M2
Δuu

M4
Δdd

M2
Δνν

: ð25Þ

Using the above equations, the noise-to-signal ratio
arising from νn → ν̄ n̄ reactions can be written as

η ≃
4r3nFtotfννα3wm3

ν

3vrvΔM2
Δνν

: ð26Þ

It is reasonable to assume that the vertex coupling constants
take similar values, i.e., guu ≃ gdd ≡ g for the quark sector
and fee ≃ fνν ≡ f for the lepton sector. Moreover, consid-
ering the requirement of naturalness, throughout this work,
if not otherwise mentioned, we assume that the coupling
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constants in the lepton sector should be similar to the ones
in the quark sector, as well as to the ones in the gauge
sector, i.e., λ ≃ g ≃ f. Similarly, it is also reasonable to
assume that, the Higgs triplets, namely the diquark and
dilepton fields, which are responsible for n-n̄ oscillations
and νn → ν̄ n̄ reactions, have the same mass MΔ [85], i.e.,
MΔuu

≃MΔdd
≃MΔνν

≡MΔ. Again, the parameter MΔ
represents the mass of the Higgs triplet bosons and can
also be interpreted as the energy scale of new physics. In
this work, we employ one of the popular ways of explain-
ing the small but nonzero neutrino mass by assuming that
neutrino only has a Majorana mass, which is generated
within the simplest type-II seesaw framework [96]. Under
such assumptions, the lower bound on the mass of the
Higgs triplets MΔ arising from the results of the searches
for n-n̄ oscillations presented in Table II can be written as

MΔ ≳
�
3g8vrϵNnTnΦνjψqð0Þj8
8
ffiffiffi
2

p
πSmaxr3nFtotα

3
wm2

ν

� 1
14

: ð27Þ

On the other hand, the direct search from the ILL
experiment shows that the n-n̄ oscillation time satisfies
the bound τn−n̄ ≳ 0.86 × 108 s [31] or, equivalently, δm≡
1=τn−n̄ ≲ 7.65 × 10−33 GeV (ℏ≡ 1). Here, the parameter
δm can also be written as

δm≡Gajψqð0Þj4: ð28Þ
The corresponding bound on MΔ arising from the direct
search can be expressed as a function of the parameter δm,

MΔ ≳
�
g4mνjψqð0Þj4ffiffiffi

2
p

fδm

�1
6

: ð29Þ

The bound on the n-n̄ oscillation time can be obtained from
Eq. (29),

τn−n̄ ≳
ffiffiffi
2

p
fM6

Δ
g4mνjψqð0Þj4

: ð30Þ

Obviously, the n-n̄ oscillation time is sensitive to the vertex
coupling constants and the masses of Higgs triplet bosons.
In addition to the condition given by Eq. (29), an

additional condition given by Eq. (27) is obtained from
the measurements of n-n̄ oscillations inside nuclei.
Equations (27) and (29) depend on the neutrino mass mν

in a different way but we could adjust the parameters, such
as g, f, and δm, so that both of them can be incorporated
into the analysis in a compatible way. Meanwhile, the
bounds on the sum of neutrino masses have been reported
in various cosmological scenarios [127–129]. Recently, an
upper bound of 0.12 eVon the sum of neutrino masses has
been established at a 95% C.L. by cosmological measure-
ments [128]. Throughout our analysis, we assume that the
neutrino mass satisfies the condition mν ≲Pmν ≲
0.12 eV [128], where the sum runs over the three mass

eigenstates. The bounds on neutrino masses impose further
constraints on the parameter space. As we will see later,
since the Super-K experiment provides the most stringent
bounds, in practice we require that the constrained curve
arising from the Super-K experiment [29] intersects the
constrained curve arising from Eq. (29) at the neutrino mass
of around 0.12 eV [128]. In order to satisfy this require-
ment, the parameter δm in Eq. (29) has to be adjusted. In
other words, Eq. (29) could be used to predict the n-n̄
oscillation time. In Figs. 5 and 6, the dashed curves
represent the constraints of Eq. (27) arising from the results
of the searches for n-n̄ oscillations inside nuclei, while the
solid curve represents the theoretical prediction (TP) of
Eq. (29) on n-n̄ oscillations. As it can be seen, the dashed
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and the solid curves intersect at the allowed neutrino
masses, i.e., mν ≲ 0.12 eV [128]. In the vicinity of the
intersections, a smaller neutrino mass than the one at the
intersection is forbidden by Eq. (27) while a greater
neutrino mass is forbidden by Eq. (29). The intersections
between the dashed and the solid curves provide the
minimum possible mass of the Higgs triplets. As mentioned
early, the naturalness consideration requires that the vertex
coupling constants in the lepton sector should be similar to
the ones in the quark sector, as well as to the ones in the
gauge sector, i.e., λ ≃ g ≃ f. Furthermore, the bounds
on the vacuum expectation value, 1 eV≲ vΔ ≲ 1 GeV
[33,34,99,100,103–109,111], should also be taken into
account. The above conditions severely constrain the
parameter space. The acceptable values of the parameters
on the two processes are presented in Table III, where the
vacuum expectation value vΔ is evaluated from Eq. (20).
The derived bounds on the mass of the Higgs triplet MΔ as
a function of the neutrino mass mν are plotted in Figs. 5
and 6 with the allowed vertex coupling constants 10−3 and
10−2, respectively.

IV. RESULT AND DISCUSSION

In the following discussions, we will focus on the two
different scenarios, depending on whether the (B − L)
symmetry could be broken. We will first illustrate that in
both scenarios due to the low-energy thresholds for
neutrino detection, the present experiments are unable to
distinguish if a particular event is an n-n̄ oscillation event or
a νn → ν̄ n̄ reaction event. Moreover, we will also inves-
tigate the interplay of various conditions on the parameter
space and their observable consequences.

A. (B−L) is conserved
Table I summarizes the fluxes, survival probabilities, and

the corresponding signal fractions for (electron-type) solar
neutrinos from various sources. In this table, the probability
densities of the solar neutrino fluxes are taken from
Refs. [57,58,130,131] and the fluxes are normalized
according to Refs. [56,68]. It is remarkable that the low-

energy pp neutrinos make up more than 90% of the total
solar neutrino fluxes [70,132], but such neutrinos have very
low energies, which only cover the range below 420 keV
[64,132,133]. Our calculation shows that the pp neutrinos
make the largest contribution (∼53.14%) to νn → ν̄ n̄
reactions because of its relatively higher intensity. Then,
it is followed by the 7Be neutrinos with the signal fraction
of around ∼37.11%. Therefore, νn → ν̄ n̄ reactions are
dominated by the pp and 7Be solar neutrinos with the
summed signal fraction of around ∼90.25%. However, the
pp and 7Be solar neutrinos have an energy range that is not
accessible to the detectors listed in Table II, because such
detectors can only detect neutrinos above an energy thresh-
old of around 3.5 MeV [78]. The calculation also shows
that more than 92.07% of the contribution to νn → ν̄ n̄
reactions comes from solar neutrinos with energies lower
than 1.0 MeV. Particularly, the contribution fraction within
energy range from 0.2 to 1.0 MeV is as high as 88.52%. At
such energies, the outgoing antineutrinos are completely
invisible to the detectors under discussion. Therefore, the
detectors listed in Table II are unable to distinguish between
an n-n̄ oscillation event and a νn → ν̄ n̄ reaction event.
In this case, the derived upper bounds at the 90% C.L. on

the cross section of the νn → ν̄ n̄ reaction process is shown
in Fig. 3, where the shaded regions are excluded by the n-n̄
oscillation experiments. As it can be seen, the most
stringent constraint on the cross section is imposed by
the Super-K experiment. Figure 4 shows the derived
bounds on the event rate of νn → ν̄ n̄ reactions imposed
by the Super-K data, where the shaded region is visible to
the detectors under discussion. For a natural value of the
vertex coupling strength (λ ≃ g ≃ f ≡ 1), the derived
bounds on the masses of the Higgs triplets MΔ imposed
by the Super-K experiment is roughly ∼3 GeV. Although
such bounds on the masses of the Higgs triplets, which are
model dependent, seem not very useful, the derived bounds
on the cross sections of the νn → ν̄ n̄ reaction process
are highly nontrivial. For example, the derived bound on
the cross section at the average neutrino energy from the
Super-K data is around 6.0 × 10−51 cm2, which is much
smaller than the ones given by the typical electroweak and

TABLE III. Bounds on the masses of the Higgs triplet MΔ arising from the results of the searches for n-n̄
oscillations using acceptable vertex coupling constants.

Limits

Parameters KM [26] Frejus [27] SD-2 [28] Super-K [29] SNO [30]

Triplet mass MΔ (TeV)a 2.18 2.21 2.22 2.35 2.10
Neutrino mass mν (eV)a 0.076 0.084 0.085 0.120 0.061
VEV vΔ (eV)a 53.7 59.2 60.0 84.9 43.4
Triplet mass MΔ (TeV)b 8.12 8.25 8.27 8.76 7.84
Neutrino mass mν (eV)b 0.076 0.084 0.085 0.120 0.061
VEV vΔ (eV)b 5.4 5.9 6.0 8.5 4.3

aRepresents the scenario where the vertex coupling constants are λ ≃ g ≃ f ≡ 10−3.
bRepresents the scenario where the vertex coupling constants are λ ≃ g ≃ f ≡ 10−2.
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some nonstandard neutrino-nucleon interactions [134–
136]. A reasonable interpretation of such results requires
further phenomenological studies using an appropriate
effective model.
In this case, since (B − L) is conserved, all the reported

n-n̄ oscillation candidates are actually produced by solar
neutrinos in the scattering process νn → ν̄ n̄, it would then
be possible to distinguish an n-n̄ oscillation event from a
νn → ν̄ n̄ reaction event. In order to distinguish such two
processes, it is essential to employ detectors with detectable
range covering the pp and 7Be solar neutrinos. On the
contrary, the 8B neutrinos, which are relatively more easy to
be measured in the Super-K detector [137], only contribute
a very small fraction (∼2.30%) to the νn → ν̄ n̄ reaction
signal. The future Hyper-Kamiokande (Hyper-K) detector
is designed to use 187 kton of water [138], corresponding
to 5.0 × 1034 neutrons approximately. The expected event
rate of νn → ν̄ n̄ reactions in Hyper-K is around 49 events
per year, which is roughly eight times higher than that in
Super-K, thus reducing the impact of backgrounds con-
siderably. Some other experiments such as GALLEX [139],
SAGE [140], LOREX [141], and Borexino [64] have been
sensitive to low-energy pp neutrinos. These experiments
also provide a good opportunity to study νn → ν̄ n̄ reac-
tions and might help distinguish an n-n̄ oscillation event
from a νn → ν̄ n̄ reaction event.
Besides the solar neutrinos, there are a number of other

neutrino sources [54,142,143], each of which has its own
spectrum with a particular shape of distribution [143,144].
Neutrinos from such sources cover a wide range of energies
from 10−10 to 108 MeV [145–147]. According to Eq. (10),
different neutrino sources contribute differently to νn →
ν̄ n̄ reactions. It is worth mentioning that the cosmic
neutrino background has an even higher intensity but only
has an average energy of around 10−10 MeV [146] and thus
its contribution to νn → ν̄ n̄ reactions is not significant. The
supernova neutrinos are predicted to be evenly distributed
among the three flavors of particles and antiparticles
[148,149]. The summed flux of all neutrino types at the
Earth for a supernova at 10 kpc distance is about 1012 cm−2

with an average energy of around 15 MeV [150]. The
expected number of events in the future Hyper-K is around
0.04 per supernova burst, much smaller than that produced
by the solar neutrinos. The fluxes of the rest neutrino
sources are much smaller than that of the solar neutrinos
and because of the limited statistics they also have very
little impact on νn → ν̄ n̄ reactions. Unlike the solar
neutrinos, the reactor neutrinos are mainly electron anti-
neutrinos. Detecting electron antineutrinos is relatively
easier than detecting electron neutrinos. The relevant
possible process leading to the instability of nuclei is the
ν̄n → νn̄ reaction process. Although such reaction pre-
serves the (Bþ L) symmetry, it violates the (B − L)
symmetry and thus contradicts our basic assumption in
this scenario.

B. (B−L) could be broken

In this case, both νn → ν̄ n̄ reactions and n-n̄ oscillations
are allowed according to the assumption. Comparing with
the n-n̄ oscillation process, the νn → ν̄ n̄ reaction process
can be described by higher-dimensional operators, and thus
the effects are strongly suppressed by appropriate powers of
energy scale associated with new physics, causing the
signal too small to be detectable. Obviously, in this case,
the detectors listed in Table II are still unable to distinguish
a νn → ν̄ n̄ reaction event from the n-n̄ oscillation event.
We next explore the interplay of the following conditions

on the parameter space for the two processes within the
type-II seesaw framework: (1) the condition given by
Eq. (27) arising from the results of the searches for n-n̄
oscillations inside nuclei should be satisfied; (2) the con-
dition given by Eq. (29), directly related to the n-n̄
oscillation time, should be satisfied; (3) the neutrino mass
should at least satisfy the experimental constraint on the
sum of the neutrino masses, i.e., mν ≲Pmν ≲ 0.12 eV
[128]; (4) the naturalness criterion of the vertex coupling
constants should be fulfilled; (5) the vacuum expectation
values of the Higgs triplet bosons vΔ should satisfy the
bounds: 1 eV≲ vΔ ≲ 1 GeV [33,34,99,100,103–109,111];
(6) the mass of the Higgs triplet bosons should be in the
experimentally interesting range at the LHC or future high-
energy experiments [106,122,151–153]. Therefore, it is
expected that if all such requirements are satisfied, the
parameter space will be severely constrained.
Specifically, we are interested in the appealing scenario

where the mass of the Higgs triplet bosons is in the several
TeV range (1 TeV≲MΔ ≲ 10 TeV), which is expected to
lie within the reach of direct searches at the LHC or future
high-energy experiments [106,122,151–153]. For simplic-
ity, we have neglected the mass splitting of all the triplet
components by assumingMΔuu

≃MΔdd
≃MΔνν

≡MΔ. The
experimental lower bounds on the mass of the doubly
charged Higgs bosons set by the LHC data are approx-
imately in the range from 450 to 870 GeV [154–156].
Considering the detectable several TeV scale triplet mass
(1 TeV≲MΔ ≲ 10 TeV) and the experimental bounds on
the neutrino mass (mν ≲ 0.12 eV [128]), as well as on the
vacuum expectation value (1 eV≲ vΔ ≲ 1 GeV [33,34,
99,100,103–109,111]), the parameter scan shows that the
vertex coupling constants (λ ≃ g ≃ f) are roughly restricted
in the range from the order of 10−3 to the order of 10−2. A
greater coupling constant (f ≳ 10−1) would lead to a too
small vacuum expectation value, which does not satisfy the
lower bound vΔ ≳ 1 eV [33,34,104,106,107,111], and it
would also give rise to a too large triplet mass
(MΔ ≳ 10 TeV), which is probably beyond the reach
of a direct detection at the LHC. A smaller coupling
constant (f ≲ 10−4) would lead to a too small triplet mass
(MΔ ≲ 700 GeV), which, in general, does not satisfy the
experimental lower bounds on the mass of the doubly
charged Higgs bosons set by the LHC data [154–156].

YONGLIANG HAO PHYS. REV. D 101, 056015 (2020)

056015-10



Figures 5 and 6 show the bounds on the masses of the
Higgs triplet bosonsMΔ as a function of neutrino masses in
the scenarioswhere the vertex coupling constants (λ ≃ g ≃ f)
are 10−3 and 10−2, respectively. The dashed curves in both
plots satisfy the constraints imposed by Eq. (27). The solid
curve in both plots satisfies the constraints imposed by
Eq. (29). The dashed vertical lines represent the experimental
lower and upper bounds on the sum of neutrinomasses in the
cosmological scenario [127–129].
Table III presents the derived bounds on masses of the

Higgs triplet bosons, the neutrino masses (mν), and the
vacuum expectation values (vΔ) using the acceptable values
of the vertex coupling constants (λ ≃ g ≃ f). The param-
eters in the upper part of Table III correspond to the
coupling constant 10−3. In this case, the bounds on the
masses of the Higgs triplet are approximately in the range
from 2.10 to 2.35 TeV, which can be accessible to a direct
detection at the LHC or future high-energy experiments
[106,122,151–153]. The parameters in the lower part of
Table III correspond to the coupling constant 10−2. In this
case, the bounds on the masses of the Higgs triplet are
approximately in the range from 7.84 to 8.76 TeV, which
may still be within the reach of direct searches at the LHC
or future high-energy experiments [106,122,151–153]. As
can be seen from Table III, in both scenarios (10−3, 10−2),
the differences in the bounds on the masses of the Higgs
triplet from different experiments are less than 1.0 TeV.
This illustrates that the derived bounds on the masses of the
Higgs triplet, i.e., the energy scales of new physics depend
weakly on the reported number of candidate events due to
the fractional power dependence of Eq. (27). The existing
data from the Super-K experiment provides leading
bounds, ruling out the existence of new physics below
energy scale of 2.4 and 8.8 TeV, depending on the choice of
the vertex coupling strengths, respectively. For this reason,
we will give a special attention to the Super-K experiment
in the following discussions.
The n-n̄ oscillation time can be easily estimated using the

acceptable parameters for the Super-K experiment in
Table III. If we choose f ≃ 10−3, MΔ ≃ 2.35 TeV, mν ≃
0.12 eV [128], we get the n-n̄ oscillation time τnn̄ ≳
6.3 × 1018 s. Similarly, if we choose f ≃ 10−2, MΔ≃
8.76 TeV, mν ≃ 0.12 eV [128], we get the n-n̄ oscillation
time τnn̄ ≳ 1.7 × 1019 s. This illustrates that the n-n̄ oscil-
lation effects in both two cases are probably beyond the reach
of the present experiments. Therefore, if we assume that all
the requirements listed in Sec. III B are satisfied, n-n̄
oscillations are probably beyond the detectable regions of
the present experiments.
The above results are obtained based on various assump-

tions and requirements, mainly from considerations regard-
ing the type-II seesaw mechanism and the naturalness of
the vertex coupling constants. If we, however, loosen some
of these requirements and assume that neutrino acquires
Majorana masses directly from spontaneous breaking of the

(B − L) symmetry, then n-n̄ oscillations may be accessible
for the present experiments but the price we pay for such an
assumption is an appropriate treatment of the problems
arising from it, such as the existence of the massless
Majoron particle. For example, if we ignore Eq. (27) and
choose λ≃10−3, g≃10−3, f≃10−13, and MΔ≃2.35TeV,
then we get the n-n̄ oscillation time τnn̄ ≳ 6.3 × 108 s,
which is much stronger than the present limit of the direct
search in the ILL experiment [31], but may still lead
to detectable effects in the present experiments. Similarly,
if we ignore Eq. (27) and choose λ ≃ 10−2, g ≃ 10−2,
f ≃ 10−13, and MΔ ≃ 8.76 TeV, then we get the n-n̄
oscillation time τnn̄ ≳ 1.7 × 108 s, which is more accessible
to direct searches. Moreover, under this assumption, it is
required that the breaking of the (B − L) symmetry occurs
spontaneously roughly at the energy scale of ∼1 TeV,
which is lower than the ones (≳10 TeV) proposed in
previous studies, without invoking the type-II seesaw
mechanism [36,85].

V. SUMMARY AND OUTLOOK

To summarize, we have analyzed the connection and
compatibility between n-n̄ oscillations and νn → ν̄ n̄ reac-
tions described by the interactions based on the SUð3Þc ×
SUð2ÞL ×Uð1Þ symmetry model with additional Higgs
triplets. We have considered two scenarios of interest,
corresponding to whether the (B − L) symmetry could be
broken. In scenario A, since (B − L) is conserved, all the
reported n-n̄ oscillation candidates are actually produced
by the solar neutrinos in the scattering process νn → ν̄ n̄. In
scenario B, where both (Bþ L) and (B − L) could be
broken, only a small fraction of the reported n-n̄ oscillation
candidates is actually produced by the solar neutrinos in the
scattering process νn → ν̄ n̄. Comparing with the n-n̄
oscillation process, the νn → ν̄ n̄ reaction process is
described by higher-dimensional operators, and thus the
effects are strongly suppressed by appropriate powers of
energy scale associated with new physics, causing the
signal too small to be detectable. In both scenarios, we have
shown that the present detectors listed in Table II are unable
to distinguish an n-n̄ oscillation event from a νn → ν̄ n̄
reaction event within the accessible energy range.
Nevertheless, if any of the two processes is detected, there
could be signal associated with new physics beyond the
SM [23,24].
In scenario A where (B − L) is unbroken, we find that

νn → ν̄ n̄ reactions are dominated by the pp and 7Be solar
neutrinos. The possible future availability of detecting the
low-energy solar neutrinos with energies from 200 keV to
1.0 MeV could offer an opportunity to carry out more
detailed and sensitive studies of the (Bþ L) violations.
Moreover, although the constraint on the energy scale,
which is model dependent, seems not very useful in this
scenario, the constraint on the cross section of the νn → ν̄ n̄
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reaction process is highly nontrivial. For example, the
derived bound on the cross section at the average neutrino
energy from the Super-K data is around 6.0 × 10−51 cm2,
which is much smaller than the ones given by the typical
electroweak and some nonstandard neutrino-nucleon inter-
actions [134–136]. A reasonable interpretation of such
results requires further phenomenological studies using an
appropriate effective model. Comparing with the solar
neutrinos, the contribution to νn → ν̄ n̄ reactions from
other neutrino sources, such as the cosmic neutrino back-
ground, the supernova neutrinos etc., are not significant.
In scenario B, where both (Bþ L) and (B − L) could be

broken, we find that νn → ν̄ n̄ reactions can serve to
provide an additional constraint on the masses of the
Higgs triplet bosons. Moreover, the prediction power can
be greatly improved by comparing it with n-n̄ oscillations
in a way similar to Refs. [17–19] due to the elimination of
large degree of uncertainty. We are interested in the
appealing scenario where the mass of the Higgs triplet
bosons is in the several TeV scale (1 TeV≲MΔ≲
10 TeV), which is accessible to a direct detection at the
LHC or future high-energy experiments [106,122,151–
153]. We have explored the interplay of various require-
ments on the parameter space mainly in the type-II seesaw
framework. It is expected that if all these requirements are
satisfied, the parameter space would be severely con-
strained. Our parameter scan shows that, in order to satisfy
all the requirements listed in Sec. III B, the vertex coupling
constant (λ ≃ g ≃ f) is roughly restricted in the range from
the order of 10−3 to the order of 10−2. With the help of the

acceptable parameters, we have estimated the bounds on
the masses of the Higgs triplet bosons and have discussed
their accessibility for a direct detection at the LHC or future
high-energy experiments. The derived bounds on the
masses of the Higgs triplet bosons from various experi-
ments are approximately in the range from 2.4 to 8.8 TeV,
corresponding to two different scenarios with the vertex
coupling constant 10−3 and 10−2, respectively. The derived
bounds from different experiments are very close to each
other and only weakly depend on the reported number of
candidates, due to the fractional power dependence of
Eq. (27). If all the requirements are satisfied, although the
masses of the Higgs triplet bosons could be within the reach
of a direct detection at the LHC or future high-energy
experiments, the predicted n-n̄ oscillation times would be
completely beyond the detectable regions of the present
experiments. If we, however, loosen some of these require-
ments and assume that neutrino acquires Majorana masses
directly from spontaneous breaking of the (B − L) sym-
metry, then n-n̄ oscillations may be accessible in the
present experiments but the price we pay is an appropriate
treatment of the problem arising from such an assumption,
for example, the existence of the massless Majoron particle.

ACKNOWLEDGMENTS

I would like to thank Professor Rob Timmermans and
Dr. Anastasia Borschevsky for providing help and support,
and thank Femke Oosterhof and Ruud Peeters for many
useful conversations.

[1] D. G. Cerdeno, P. Reimitz, and K. Sakurai, arXiv:
1908.00065.

[2] G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976).
[3] G. ’t Hooft, Phys. Rev. D 14, 3432 (1976).
[4] J. M. Arnold, B. Fornal, and M. B. Wise, Phys. Rev. D 87,

075004 (2013).
[5] J. Ellis and K. Sakurai, J. High Energy Phys. 04 (2016)

086.
[6] A. D. Sakharov, JETP Lett. 5, 24 (1967).
[7] D. E. Morrissey and M. J. Ramsey-Musolf, New J. Phys.

14, 125003 (2012).
[8] T. Fujita and K. Kamada, Phys. Rev. D 93, 083520

(2016).
[9] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974).

[10] J. C. Pati and A. Salam, Phys. Rev. D 11, 703 (1975).
[11] R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 566

(1975).
[12] G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12, 1502

(1975).
[13] H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438

(1974).

[14] R. N. Mohapatra and R. E. Marshak, Phys. Rev. Lett. 44,
1316 (1980).

[15] K. S. Babu, P. S. Bhupal Dev, and R. N. Mohapatra, Phys.
Rev. D 79, 015017 (2009).

[16] A. Davidson, Phys. Rev. D 20, 776 (1979).
[17] R. N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 49, 7

(1982).
[18] R. N. Mohapatra and G. Senjanović, Phys. Rev. D 27, 254

(1983).
[19] R. N. Mohapatra and G. Senjanović, Phys. Rev. D 27, 1601

(1983).
[20] R. N. Mohapatra, J. Phys. G 36, 104006 (2009).
[21] B. Dutta, Y. Mimura, and R. N. Mohapatra, Phys. Rev.

Lett. 96, 061801 (2006).
[22] F. Oosterhof, B. Long, J. De Vries, R. G. E. Timmermans,

and U. Van Kolck, Phys. Rev. Lett. 122, 172501
(2019).

[23] D. G. Cerdeño, P. Reimitz, K. Sakurai, and C. Tamarit,
J. High Energy Phys. (2018) 076.

[24] D. G. Phillips II, W.M. Snow, K. Babu, S. Banerjee, D. V.
Baxter, Z. Berezhiani, M. Bergevin, S. Bhattacharya,

YONGLIANG HAO PHYS. REV. D 101, 056015 (2020)

056015-12

https://arXiv.org/abs/1908.00065
https://arXiv.org/abs/1908.00065
https://doi.org/10.1103/PhysRevLett.37.8
https://doi.org/10.1103/PhysRevD.14.3432
https://doi.org/10.1103/PhysRevD.87.075004
https://doi.org/10.1103/PhysRevD.87.075004
https://doi.org/10.1007/JHEP04(2016)086
https://doi.org/10.1007/JHEP04(2016)086
https://doi.org/10.1070/PU1991v034n05ABEH002497
https://doi.org/10.1088/1367-2630/14/12/125003
https://doi.org/10.1088/1367-2630/14/12/125003
https://doi.org/10.1103/PhysRevD.93.083520
https://doi.org/10.1103/PhysRevD.93.083520
https://doi.org/10.1103/PhysRevD.10.275
https://doi.org/10.1103/PhysRevD.11.703.2
https://doi.org/10.1103/PhysRevD.11.566
https://doi.org/10.1103/PhysRevD.11.566
https://doi.org/10.1103/PhysRevD.12.1502
https://doi.org/10.1103/PhysRevD.12.1502
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1103/PhysRevLett.44.1316
https://doi.org/10.1103/PhysRevLett.44.1316
https://doi.org/10.1103/PhysRevD.79.015017
https://doi.org/10.1103/PhysRevD.79.015017
https://doi.org/10.1103/PhysRevD.20.776
https://doi.org/10.1103/PhysRevLett.49.7
https://doi.org/10.1103/PhysRevLett.49.7
https://doi.org/10.1103/PhysRevD.27.254
https://doi.org/10.1103/PhysRevD.27.254
https://doi.org/10.1103/PhysRevD.27.1601
https://doi.org/10.1103/PhysRevD.27.1601
https://doi.org/10.1088/0954-3899/36/10/104006
https://doi.org/10.1103/PhysRevLett.96.061801
https://doi.org/10.1103/PhysRevLett.96.061801
https://doi.org/10.1103/PhysRevLett.122.172501
https://doi.org/10.1103/PhysRevLett.122.172501
https://doi.org/10.1007/JHEP04(2018)076


G. Brooijmans, L. Castellanos et al., Phys. Rep. 612, 1
(2016).

[25] T. W. Jones, R. M. Bionta, and G. Blewitt, Phys. Rev. Lett.
52, 720 (1984).

[26] M. Takita, K. Arisaka, T. Kajita, T. Kifune, M. Koshiba, K.
Miyano, M. Nakahata, Y. Oyama, N. Sato, T. Suda et al.,
Phys. Rev. D 34, 902 (1986).

[27] C. Berger, M. Fröhlich, H. Mönch, R. Nisius, F. Raupach,
P. Schleper, Y. Benadjal, D. Blum, C. Bourdarios, B.
Dudelzak et al., Phys. Lett. B 240, 237 (1990).

[28] J. Chung, W. Allison, G. J. Alner, D. S. Ayres, W. L.
Barrett, P. M. Border, J. H. Cobb, H. Courant, D. M.
Demuth, T. H. Fields et al., Phys. Rev. D 66, 032004
(2002).

[29] K. Abe, Y. Hayato, T. Iida, K. Ishihara, J. Kameda,
Y. Koshio, A. Minamino, C. Mitsuda, M. Miura, S.
Moriyama et al., Phys. Rev. D 91, 072006 (2015).

[30] B. Aharmim, S. N. Ahmed, A. E. Anthony, N. Barros,
E. W. Beier, A. Bellerive, B. Beltran, M. Bergevin, S. D.
Biller, K. Boudjemline et al., Phys. Rev. D 96, 092005
(2017).

[31] M. Baldo-Ceolin, P. Benetti, T. Bitter, F. Bobisut, E.
Calligarich, R. Dolfini, D. Dubbers, P. El-Muzeini, M.
Genoni, D. Gibin et al., Z. Phys. C 63, 409 (1994).

[32] J. F. Nieves and O. Shanker, Phys. Rev. D 30, 139 (1984).
[33] C. Chen and C. Lin, Phys. Lett. B 695, 9 (2011).
[34] C. A. de Sousa Pires, F. F. de Freitas, J. Shu, L. Huang, and

P.W. V. Olegário, Phys. Lett. B 797, 134827 (2019).
[35] M. Tanabashi, K. Hagiwara, K. Hikasa, K. Nakamura, Y.

Sumino, F. Takahashi, J. Tanaka, K. Agashe, G. Aielli, C.
Amsler et al., Phys. Rev. D 98, 030001 (2018).

[36] R. Barbieri and R. N. Mohapatra, Z. Phys. C 11, 175
(1981).

[37] K. S. Babu and R. N. Mohapatra, Phys. Lett. B 715, 328
(2012).

[38] J. D. Vergados, Phys. Lett. B 118, 107 (1982).
[39] S. Patra and P. Pritimitab, Eur. Phys. J. C 74, 3078 (2014).
[40] E. J. Konopinski, Rev. Mod. Phys. 27, 254 (1955).
[41] A. Ianni, Phys. Dark Universe 4, 44 (2014).
[42] G. Feinberg, M. Goldhaber, and G. Steigman, Phys. Rev. D

18, 1602 (1978).
[43] J. Bramante, J. Kumar, and J. Learned, Phys. Rev. D 91,

035012 (2015).
[44] Y. Grossman, W. H. Ng, and S. Ray, Phys. Rev. D 98,

035020 (2018).
[45] Y. Aoki, T. Izubuchi, E. Shintani, and A. Soni, Phys. Rev.

D 96, 014506 (2017).
[46] R. Bernabei, M. Amato, P. Belli, R. Cerulli, C. J. Dai, V. Y.

Denisov, H. L. He, A. Incicchitti, H. H. Kuang, J. M. Ma
et al., Phys. Lett. B 493, 12 (2000).

[47] S. Sussman, K. Abe, C. Bronner, Y. Hayato, M. Ikeda, K.
Iyogi, J. Kameda, Y. Kato, Y. Kishimoto et al., arXiv:
1811.12430.

[48] Y. Nagashima, Elementary Particle Physics. Vol. 1: Quan-
tum Field Theory and Particles (Wiley, New York, 2010).

[49] R. Mertig, M. Böhm, and A. Denner, Comput. Phys.
Commun. 64, 345 (1991).

[50] V. Shtabovenko, R. Mertig, and F. Orellana, Comput. Phys.
Commun. 207, 432 (2016).

[51] M. Wurm, Phys. Rep. 685, 1 (2017).

[52] J. N. Bahcall, Neutrino Astrophysics (Cambridge Univer-
sity Press, Cambridge, United Kingdom, 1989).

[53] C. Giunti and C.W. Kim, Fundamentals of Neutrino
Physics and Astrophysics (Oxford University Press,
Oxford, 2007).

[54] Z. Xing and S. Zhou, Neutrinos in Particle Physics,
Astronomy and Cosmology (Springer Science & Business
Media, New York, 2011).

[55] J. N. Bahcall, Phys. Rev. 126, 1143 (1962).
[56] N. Vinyoles, A. M. Serenelli, F. L. Villante, S. Basu, J.

Bergström, M. C. Gonzalez-Garcia, M. Maltoni, C.
Peña-Garay, and N. Song, Astrophys. J. 835, 202 (2017).

[57] J. N. Bahcall, E. Lisi, D. E. Alburger, L. De Braeckeleer,
S. J. Freedman, and J. Napolitano, Phys. Rev. C 54, 411
(1996).

[58] J. N. Bahcall, Phys. Rev. C 56, 3391 (1997).
[59] J. N. Abdurashitov, E. P. Veretenkin, V. M. Vermul, V. N.

Gavrin, S. V. Girin, V. V. Gorbachev, P. P. Gurkina, G. T.
Zatsepin, T. V. Ibragimova, A. V. Kalikhov et al., J. Exp.
Theor. Phys. 95, 181 (2002).

[60] A. M. Serenelli, Nucl. Phys. B, Proc. Suppl. 168, 115
(2007).

[61] A. M. Serenelli, S. Basu, J. W. Ferguson, and M. Asplund,
Astrophys. J. Lett. 705, L123 (2009).

[62] A. M. Serenelli, W. C. Haxton, and C. Pena-Garay,
Astrophys. J. 743, 24 (2011).

[63] W. C. Haxton, R. Hamish Robertson, and A. M. Serenelli,
Annu. Rev. Astron. Astrophys. 51, 21 (2013).

[64] G. Bellini, J. Benziger, D. Bick, G. Bonfini, D. Bravo, B.
Caccianiga, L. Cadonati, F. Calaprice, A. Caminata, P.
Cavalcante et al., Nature (London) 512, 383 (2014).

[65] J. Bergström, M. C. Gonzalez-Garcia, M. Maltoni, C.
Pena-Garay, A. M. Serenelli, and N. Song, J. High Energy
Phys. 03 (2016) 132.

[66] L. Miramonti, M. Agostini, K. Altenmueller, S. Appel, V.
Atroshchenko, Z. Bagdasarian, D. Basilico, G. Bellini, J.
Benziger, D. Bick et al., Universe 4, 118 (2018).

[67] M. Agostini, K. Altenmüller, S. Appel, V. Atroshchenko,
Z. Bagdasarian, D. Basilico, G. Bellini, J. Benziger, G.
Bonfini, D. Bravo et al. (Borexino Collaboration), Phys.
Rev. D 100, 082004 (2019).

[68] G. Bellini, J. Benziger, D. Bick, G. Bonfini, D. Bravo,
M. B. Avanzini, B. Caccianiga, L. Cadonati, F. Calaprice,
P. Cavalcante et al., Phys. Rev. D 89, 112007 (2014).

[69] W. Hampel et al. (GALLEX Collaboration), Phys. Lett. B
420, 114 (1998).

[70] M. Altmann, M. Balata, P. Belli, E. Bellotti, R. Bernabei,
E. Burkert, C. Cattadori, R. Cerulli, M. Chiarini, M.
Cribier et al., Phys. Lett. B 616, 174 (2005).

[71] J. N. Abdurashitov, V. N. Gavrin, V. V. Gorbachev, P. P.
Gurkina, T. V. Ibragimova, A. V. Kalikhov, N. G.
Khairnasov, T. V. Knodel, I. N. Mirmov, A. A. Shikhin
et al., Phys. Rev. C 80, 015807 (2009).

[72] B. Aharmim, S. N. Ahmed, A. E. Anthony, N. Barros,
E. W. Beier, A. Bellerive, B. Beltran, M. Bergevin, S. D.
Biller, K. Boudjemline et al., Phys. Rev. C 88, 025501
(2013).

[73] K. Abe, Y. Haga, Y. Hayato, M. Ikeda, K. Iyogi, J.
Kameda, Y. Kishimoto, L. Marti, M. Miura, S. Moriyama
et al., Phys. Rev. D 94, 052010 (2016).

CONNECTION BETWEEN νn → ν̄ n̄ … PHYS. REV. D 101, 056015 (2020)

056015-13

https://doi.org/10.1016/j.physrep.2015.11.001
https://doi.org/10.1016/j.physrep.2015.11.001
https://doi.org/10.1103/PhysRevLett.52.720
https://doi.org/10.1103/PhysRevLett.52.720
https://doi.org/10.1103/PhysRevD.34.902
https://doi.org/10.1016/0370-2693(90)90441-8
https://doi.org/10.1103/PhysRevD.66.032004
https://doi.org/10.1103/PhysRevD.66.032004
https://doi.org/10.1103/PhysRevD.91.072006
https://doi.org/10.1103/PhysRevD.96.092005
https://doi.org/10.1103/PhysRevD.96.092005
https://doi.org/10.1007/BF01580321
https://doi.org/10.1103/PhysRevD.30.139
https://doi.org/10.1016/j.physletb.2010.11.016
https://doi.org/10.1016/j.physletb.2019.134827
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1007/BF01574002
https://doi.org/10.1007/BF01574002
https://doi.org/10.1016/j.physletb.2012.08.006
https://doi.org/10.1016/j.physletb.2012.08.006
https://doi.org/10.1016/0370-2693(82)90610-4
https://doi.org/10.1140/epjc/s10052-014-3078-x
https://doi.org/10.1103/RevModPhys.27.254
https://doi.org/10.1016/j.dark.2014.06.002
https://doi.org/10.1103/PhysRevD.18.1602
https://doi.org/10.1103/PhysRevD.18.1602
https://doi.org/10.1103/PhysRevD.91.035012
https://doi.org/10.1103/PhysRevD.91.035012
https://doi.org/10.1103/PhysRevD.98.035020
https://doi.org/10.1103/PhysRevD.98.035020
https://doi.org/10.1103/PhysRevD.96.014506
https://doi.org/10.1103/PhysRevD.96.014506
https://doi.org/10.1016/S0370-2693(00)01112-6
https://arXiv.org/abs/1811.12430
https://arXiv.org/abs/1811.12430
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.physrep.2017.04.002
https://doi.org/10.1103/PhysRev.126.1143
https://doi.org/10.3847/1538-4357/835/2/202
https://doi.org/10.1103/PhysRevC.54.411
https://doi.org/10.1103/PhysRevC.54.411
https://doi.org/10.1103/PhysRevC.56.3391
https://doi.org/10.1134/1.1506424
https://doi.org/10.1134/1.1506424
https://doi.org/10.1016/j.nuclphysbps.2007.02.010
https://doi.org/10.1016/j.nuclphysbps.2007.02.010
https://doi.org/10.1088/0004-637X/705/2/L123
https://doi.org/10.1088/0004-637X/743/1/24
https://doi.org/10.1146/annurev-astro-081811-125539
https://doi.org/10.1038/nature13702
https://doi.org/10.1007/JHEP03(2016)132
https://doi.org/10.1007/JHEP03(2016)132
https://doi.org/10.3390/universe4110118
https://doi.org/10.1103/PhysRevD.100.082004
https://doi.org/10.1103/PhysRevD.100.082004
https://doi.org/10.1103/PhysRevD.89.112007
https://doi.org/10.1016/S0370-2693(97)01562-1
https://doi.org/10.1016/S0370-2693(97)01562-1
https://doi.org/10.1016/j.physletb.2005.04.068
https://doi.org/10.1103/PhysRevC.80.015807
https://doi.org/10.1103/PhysRevC.88.025501
https://doi.org/10.1103/PhysRevC.88.025501
https://doi.org/10.1103/PhysRevD.94.052010


[74] B. T. Cleveland, T. Daily, R. Davis Jr, J. R. Distel, K.
Lande, C. K. Lee, P. S. Wildenhain, and J. Ullman,
Astrophys. J. 496, 505 (1998).

[75] W. Hampel, J. Handt, G. Heusser, J. Kiko, T. Kirsten, M.
Laubenstein, E. Pernicka, W. Rau, M. Wojcik, Y. Zakharov
et al., Phys. Lett. B 447, 127 (1999).

[76] Y. Fukuda, T. Hayakawa, K. Inoue, K. Ishihara, H. Ishino,
S. Joukou, T. Kajita, S. Kasuga, Y. Koshio, T. Kumita
et al., Phys. Rev. Lett. 77, 1683 (1996).

[77] G. Bellini, J. Benziger, D. Bick, S. Bonetti, G. Bonfini,
M. B. Avanzini, B. Caccianiga, L. Cadonati, F. Calaprice,
C. Carraro et al., Phys. Rev. Lett. 107, 141302 (2011).

[78] C. Giganti, S. Lavignac, and M. Zito, Prog. Part. Nucl.
Phys. 98, 1 (2018).

[79] V. Antonelli, L. Miramonti, C. Pena Garay, and A.
Serenelli, Adv. High Energy Phys. 2013, 351926 (2013).

[80] C. Berger, M. Fröhlich, H. Mönch, R. Nisius, F. Raupach,
P. Schleper, Y. Benadjal, D. Blum, C. Bourdarios, B.
Dudelzak et al., Phys. Lett. B 227, 489 (1989).

[81] E. N. May (Soudan 2 Collaboration), AIP Conf. Proc. 150,
1134 (1986).

[82] G. Bellini, J. Benziger, D. Bick, S. Bonetti, G. Bonfini, D.
Bravo, M. B. Avanzini, B. Caccianiga, L. Cadonati, F.
Calaprice et al., Phys. Rev. Lett. 108, 051302 (2012).

[83] O. Helene, Nucl. Instrum. Methods 212, 319 (1983).
[84] P. C. Gregory, Bayesian Logical Data Analysis for the

Physical Sciences: A Comparative Approach with Math-
ematica Support (Cambridge University Press, Cambridge,
United Kingdom, 2005).

[85] G. Costa, F. Feruglio, and F. Zwirner, Nucl. Phys. B209,
183 (1982).

[86] B. Gavela, E. E. Jenkins, A. V. Manohar, and L. Merlo,
Eur. Phys. J. C 76, 485 (2016).

[87] G. Buchalla, O. Cata, A. Celis, and C. Krause, arXiv:
1603.03062.

[88] A. V. Manohar, arXiv:1804.05863.
[89] D. Baumann, F. Beutler, R. Flauger, D. Green, A. Slosar,

M. Vargas-Magaña, B. Wallisch, and C. Yèche, Nat. Phys.
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