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Neutrinos continue being widely studied, just as many
decades ago, and have generated an intense scientific interest
due to the wide variety of potential applications in particle
physics, astro-nuclear physics, and cosmology based on the
amassing properties they exhibit like their extremely small
mass, their extremely small weak interaction with matter, the
neutrino oscillations, and many others. Also, the neutrino
production sources at the Earth and in other structures of the
Universe are an essential cornerstone for the description of
the structure and evolution of the stars.

A	er the very recent measurement, for the first time,
coherent elastic neutrino-nucleus scattering (CE]NS) events
COHERENT experiment at Oak Ridge laboratory, neutrinos
are understood to be involved in many aspects of the physics
processes that are in the forefront of modern theoretical and
experimental research. In particular, they play key role in
probing physics beyond the Standard Model, explaining the
matter-antimatter imbalance in the observable universe, and
in operating as messengers from far objects like supernova,
quasars, and many others. Furthermore, they have a place
in national security applications and provide the research
subject of a large number of new physicists around the world.

In the present special issue, we have once again col-
lected, a list of articles showcasing the various themes of
neutrino frontier research, from theoretical calculations on
precision estimation of their interaction cross-section to
ideas for mechanisms of pinpointing the neutrino mass in
accelerators. We followed again the worldwide hunt for the
neutrino parameters. �e parameter space has been reduced
to even narrower ranges of values at regularly increasing

confidence levels. �e values of the mixing angles are now
a common-place product of the neutrino sector research
industry. Improved detailed simulations and ever increasing
data samples, from the running experiments, exclude now
the maximal mixing of theta-13 and the lower octant of the
theta-23. �erefore, they are favoring the normal neutrino
mass hierarchy for the moment, but if this is not the case,
then this will cause the serious exclusion of CP violation in
the neutrino sector. �ese ideas affect, critically, the grand-
unified theories and the interpretation of the numerous
neutrinoless double beta decay experiments.

�is special issue consists 10 original research articles.
Various open problems are investigated, like coherent elastic
neutrino-nucleus scattering, conventional and exotic neu-
trino phenomena, neutrino properties including neutrino
oscillations, nontrivial neutrino electromagnetic properties,
neutrino-floor in dark matter detection experiments, and
more. �e last type is also employed to probe potential
applications for unraveling a large variety of theories, within
and beyond the standard model, that have appeared during
the last decades, in an effort to answer the open questions
through current neutrino searches.

Inmodeling neutrino properties and specifically neutrino
mass and neutrino mass hierarchy, M. K. Parida and R.
Satpathy, inspired by the new implementation of type-II
seesaw mechanism in SU(5) grand unified theory, examine a
possible application of the type-I seesaw cancellation mech-
anism in this SU(5) framework. �e authors show that, in
this context, they may predict, among other things, verifiable
lepton flavor violation decays and phenomena predicted
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by theories beyond the standard model (assuming normal
or inverted hierarchy with/without heavy or light neutrino
mass) as for example dominant double beta decay within the
Cosmological Bound.

�e emission of high energy neutrinos from astrophysical
sources like Active Galactic Nuclei, binary stars, core collapse
supernova, and others may be studied by 3D relativistic
magneto-hydro-dynamical simulations. Using as a main
computational tool the PLUTO hydrocode,O. Kosmas and T.
Smponias studied the high energy 𝛾-ray and high energy neu-
trino emission from hadronic jets of binary stellar systems.
�ey focus on black hole microquasar jets like those of the
SS433 microquasar which consists of a compact object (BH)
and a companion (donor) star. �e authors primarily explore
through simulations the dependence of the neutrino and 𝛾-
ray emissivity on the dynamical and radiative properties of
the jet (the mass-flow density, gas-pressure, temperature of
the ejected matter, high energy proton population inside the
jet plasma, etc.).

In order to investigate the neutrino-floor in dark matter
detection experiments, D. K. Papoulias et. al. studied the
potential efficiency of various promising nuclear isotopes
(like 71Ga, 73Ge, 75As etc.) as direct dark matter detectors
in WIMP-nucleus interaction experiments. �ey carried out
extensive calculations for the event detection rates of WIMP-
nucleus reactions on the basis of the deformed shell model.
One of the main aims of this investigation is to explore how
important is the neutrino-floor as a source of background
to dark matter searches within coherent elastic neutrino-
nucleus scattering (CE]NS). As it is known, events of this
process have only recently been measured at Oak Ridge
laboratory. �e method employed for the required nuclear
structure calculation was the deformed nuclear shell model
based on the self-consistent solutions of the Hatree-Fock
single particle equations in order to obtain the nuclear states.

�e investigation of the various effects of nuclear struc-
ture impacting the neutrino-nucleus scattering processes is
an interesting open issue. Towards this aim, P. Pirinen et
al. made an attempt to contribute to the importance of
distinguishing the neutrino backgrounds in various dark
matter (DM) detection experiments focusing on the large
liquid xenon detectors used in DM direct detection. �e
nuclear structure calculations are performed in the nuclear
shell model (for elastic scattering) and also in the quasi-
particle random-phase approximation (QRPA) and micro-
scopic quasi-particle phononmodel (MQPM) for both elastic
and inelastic scattering of Xe isotopes. For neutrino sources,
these authors consider the 8B solar neutrinos and supernova
neutrinos.

A. Chatla et al. investigate the degeneracy resolution
capabilities of the NO]A and DUNE neutrino experiments
in the presence of light sterile neutrino. �ey investigate
implications of a sterile neutrino on the physics potential
of the proposed experiment DUNE and the future runs of
NO]A using the latest results. �is work is of interest to the
experimental study of the possible sterile neutrino.

G. Ghosh and K. Bora study the possibility of existence of
(small) effects on lepton flavor violation, neutrino oscillation,

leptogenesis, and lightest neutrino mass, due to the fact that
up to now the unitarity in the leptonic sector (leptonicmixing
matrix) has not yet been established, despite the precise
measurements of the neutrino oscillations and neutrino
mixing parameters (mass squared differences, mixing angles,
etc.) existing from many experiments. �e authors extract
the bounds on the nonunitarity parameters from the existing
experimental data (e.g., on the cLFV processes like the 𝜇 →
𝑒𝛾, 𝜇 → 𝑒 conversion).

C.-W. Loh et al. describe how deep learning improves
the event reconstruction performance of photon sensors in
an antineutrino detector. �e Daya Bay detector’s vertex
position resolution follows a multiexponential relationship
with respect to the number of PMTs. �is work shows the
power of deep learning in helping in the detector design,
which is crucial for high-sensitivity neutrino experiments.

In the various neutrino-sources, neutrinos are produced
through several emission mechanisms. L. B. Leinson inves-
tigate the case of neutrino emission from breaking and
formation of Cooper-pairs at finite temperatures through
a neutral currents weak process. �is reaction may take
place in superfluid baryon matter at thermal equilibrium in
neutron stars and collapsing stellar interior that considerably
slows down the cooling rate of neutron stars with superfluid
cores. �e relevant phenomena play an important role for
the correct description of the anomalous weak interactions
in both the vector and axial channels.

�e possibilities of detecting a heavy sterile neutrino
(withmass about 50 keV) in darkmatter experiments through
several detection mechanisms and experimental techniques
are examined in the contribution of P. C. Divari and J.
D. Vergados. Some examples are the measuring of electron
recoils in materials with low electron binding, the low-
temperature crystal bolometers, the spin induced atomic
excitations at low temperatures, observation of resonances in
antineutrino absorption resonances in electron capture on
nuclei, and 𝛽− decay induced by neutrinos (e.g., KATRIN
experiment).

Among the most attractive cold dark matter candi-
dates, the weakly interacting massive particles (WIMPs)
have attracted the investigation of many authors the last
decades. In their contribution, J. D. Vergados et al. focus
on light WIMP searches involving electron scattering. �ey
examined the possibility for detecting electrons in light dark
matter searches. �ese detectors are appropriate for light
dark matter particles with a mass of the MeV region. �e
authors analyze theoretically key issues of such a detector
for a specific particle model involving scalar particles as
WIMPs communicating with both electrons and quarks with
Higgs exchange. �ey also examine experimental aspects of
detecting low energy electrons in these dark matter searches.
�is work presents interesting theoretical and experimental
views on possible studies of light dark matter particles.

In summary, this special issue provides a detailed account
of the present status of neutrino physics. It highlights recent
developments on the novel and important aspects of these
particles and their studies with the ongoing and the planned,
remarkably sensitive, experiments. �e race for the deter-
mination of the mass hierarchy at an observation level is
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expected to conclude in next few years, while the effort for
coverage of the CP violation range will last a decade more as
it is understood now. Regardless, each step of understanding
that comes from the work of groups (large and small)
published in articles, like the ones we include in this special
issue, brings us one step closer towards unraveling the last of
the mysteries of the Standard Model and open the chapter to
the New Physics beyond.
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Very recently novel implementation of type-II seesaw mechanism for neutrino mass has been proposed in SU(5) grand unified
theory with a number of desirable new physical phenomena beyond the standardmodel. Introducing heavy right-handed neutrinos
and extra fermion singlets, in this work we show how the type-I seesaw cancellation mechanism works in this SU(5) framework.
Besides predicting verifiable LFV decays, we further show that the model predicts dominant double beta decay with normal
hierarchy or inverted hierarchy of active light neutrino masses in concordance with cosmological bound. In addition a novel right-
handed neutrino mass generation mechanism, independent of type-II seesaw predicted mass hierarchy, is suggested in this work.

1. Introduction

Renormalizable standard model (SM) predicts neutrinos to
bemassless whereas oscillation experiments prove them to be
massive [1–5]. All the generational mixings have been found
to be much larger than the corresponding quark mixings.
Theoretically [6–13] neutrino masses are predicted through
various seesaw mechanisms [14–43]. In a minimal left-right
symmetric [44–47] grand unified theory (GUT) like 𝑆𝑂(10)
[48, 49] where parity (P) violation in weak interaction is
explained along with fermion masses [50–55], a number of
these seesaw mechanisms can be naturally embedded while
unifying the three forces of the SM [56–72]. More recently
precision gauge coupling unification has been successfully
implemented in direct symmetry breaking of 𝑆𝑂(18) → 𝑆𝑀
which may have high potential for new physics [73].

The SO(10) model that predicts the most popular canon-
ical seesaw as well as the type-II seesaw has also the ability to
explain baryon asymmetry of the universe via leptogenesis
through heavy RH neutrino [74] or Higgs triplet decays
[75–77]. But because of underlying quark lepton symmetry
[44], the type-I seesaw scale as well as RH] masses are so
large that themodel predicts negligible lepton flavor violating

(LFV) decays like 𝜇 → 𝑒𝛾, 𝜏 → 𝜇𝛾, 𝜏 → 𝑒𝛾,
and 𝜇 → 𝑒𝑒𝑒. Similarly direct mediation of large mass
of scalar triplet required for type-II seesaw gives negligible
contribution to lepton number violating (LNV) and lepton
flavor violating (LFV) decays. Ever since the proposal of left-
right symmetry, extensive investigations continue in search
of experimentally observable double beta decay [78–82] in
the 𝑊�푅 − 𝑊�푅 channel [83, 84]. Adding new dimension
to such lepton number violating (LNV) process, the like-
sign dilepton production has been suggested as a possible
means of detection of 𝑊�푅-boson at accelerator energies [85],
particularly the LHC [43]. However, no such signals of TeV
scale 𝑊�푅− have been detected so far. Even if 𝑊�푅 mass and
seesaw scales are large and inaccessible for direct verification,
neutrinoless double beta decay (0]2𝛽) in the𝑊�퐿−𝑊�퐿 channel
[20, 86–91] is predicted close to observable limit with 𝜏�훽�훽 ≥1025 yrs provided light neutrino masses predicted by such
high scale seesawmechanisms are quasidegenerate (QD)with
each mass 𝑚] ≥ O(0.2) eV [78] and their sum > 0.6 eV. But as
noted by the recent Planck data such QD type masses violate
the cosmological bound [92].Σ] ≡ Σ�푖�̂��푖 ≤ 0.23 (eV) . (1)
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The fact that such QD type ]masses violate the cosmological
bound may be unravelling another basic fundamental reason
why detection of double beta decay continues to elude
experimental observation for several decades. On the other
hand, if neutrinos have smallerNHor IH typemasses, there is
no hope for detection of these LNV events in near future with
RH] extended SM. In other words, predicting observable
double beta decay in the 𝑊�퐿 − 𝑊�퐿 channel with left-handed
helicities of both the beta particles has been a formidable
problem confronting theoretical and experimental physicists.
However, it has been shown that in case of dynamical seesaw
mechanism generating Dirac neutrinos the seesaw scale is
accessible for direct experimental verification [93].

The path breaking discovery of inverse seesaw [25–31]
with one extra singlet fermion per generation not only
opened up the neutrino mass generation mechanism for
direct experimental tests, but also lifted up lepton flavor
violating (LFV) decays [94] from the abysmal depth of
experimental inaccessibility of negligible branching ratios
(𝐵𝑟.(𝑙�훼 → 𝑙�훽𝛾) ∼ 10−50) to the illuminating salvation
of profound observability (Br.≃ 10−8 − 10−16) [95–100]
which has been discussed extensively [99, 101–118]. Despite
inverse seesaw, observable double beta decay in the 𝑊�퐿 − 𝑊�퐿

channel and the non-QD type neutrino masses remained
mutually exclusive until both the RH neutrinos and singlet
fermions (𝑆�푖) were brought into the arena of LFV and LNV
conundrum through themuch needed extension of theHiggs
sector. The King-Kang [119] mechanism cancelled out the
ruling supremacy of canonical seesaw which was profoundly
exploited in SO(10) models with the introduction of both the
SO(10) Higgs representations 16�퐻 and 126†

�퐻 [13, 84, 120–125]
with successful prediction of observable double beta decay in
the𝑊�퐿 −𝑊�퐿 channel [20, 86]. Very interestingly, even though
high scale type-II seesaw can govern light neutrino masses
of any hierarchy, possibility of observable LFV and double
beta decay prediction in the 𝑊�퐿 − 𝑊�퐿 channel irrespective
of light neutrino mass hierarchies has been realized at least
theoretically [13, 125].

The purpose of this work is to point out that there are
new interesting physics realizations with suitable extension
of a non-SUSY SU(5) GUT model proposed recently [126]
where type-II seesaw, precision coupling unification, verifi-
able proton decay, scalar dark matter, and vacuum stability
have been already predicted. However with naturally large
type-II seesaw scale > 109.2 GeV, observable double beta
decay accessible to ongoing experiments [78–82] is possible
in this model too with QD type neutrinos only of common
mass with |𝑚0| ≥ 0.2 eV like many other high scale seesaw
models as noted above. In this work we make additional
prediction that dominant double beta decay in the 𝑊�퐿 −𝑊�퐿 channel can be realized with NH or IH type hierarchy
consistent with much lighter neutrino masses |𝑚�푖| << 0.2 eV.
Thus, this realization is consistent with cosmological bound
of (1). Although such possibilities were realized earlier in
SO(10) with TeV scale 𝑊�푅 or 𝑍�耠 bosons as noted above,
in SU(5) without the presence of left-right symmetry and
associated gauge bosons, we have shownhere for the first time
that the dominant double beta decay is mediated by a sterile

neutrino (Majorana fermion singlet) ofO(1)GeVmass of first
generation.Themodel further predicts LFV decay branching
ratios only 4–5 orders smaller than the current experimental
limits. An additional interesting part of the present work
is the first suggestion of a new mechanism for heavy RH]
mass generation that permits thesemasses to have hierarchies
independent of conventional type-II seesaw prediction.Thus
highlights of the present model are as follows:

(i) first implementation of type-I seesaw cancellation
mechanism leading to the dominance of type-II
seesaw in SU(5);

(ii) prediction of verifiable LFV decays only 4 − 5 orders
smaller than the current experimental limits;

(iii) prediction of dominant double beta decay in the𝑊�퐿 − 𝑊�퐿 channel close to the current experimental
limits for light neutrino masses of NH or IH type in
concordance with cosmological bound;

(iv) suggestion of a new right-handed neutrino mass gen-
eration mechanism independent of type-II predicted
mass hierarchy;

(v) precision gauge coupling unification with verifiable
proton decay which is the same as discussed in [126].

This paper is organised in the following manner. In
Section 2 we briefly review the SU(5)model along with gauge
coupling unification and predictions of the intermediate
scales. In Section 3 we discuss how type-I seesaw formula for
active neutrino masses cancels out giving rise to dominance
of type-II seesaw and prediction of another type-I seesaw
formula for sterile neutrinomasses. Fit to neutrino oscillation
data is discussed in Section 4. In Section 5 we suggest a
new mechanism of RH]mass generation. Prediction on LFV
decay branching ratios is discussed in Section 6. Lifetime
prediction for double beta decay is presented in Section 7.
In Section 8 we discuss the results of this work and state our
conclusion. Block diagonalization procedure is explained in
more detail in Appendix A.

2. A Non-Supersymmetric SU(5) Model

2.1. Extension of SU(5). As noted in [127], inclusion of the
scalar 𝜅(3, 0, 8) ⊂ 75�퐻 with mass 𝑀�휅 = 109.23GeV in the
extended non-SUSY SU(5) achieves precision gauge coupling
unification. Then it has been shown in [126] that type-II
seesaw ansatz for neutrino mass is realized by inserting the
entire Higgs multiplet 15�퐻 ⊂ 𝑆𝑈(5) containing the LH Higgs
triplet Δ �퐿(3, −1, 1) at the same mass scale 𝑀15𝐻

= 1012GeV.𝜅 (3, 0, 8) ⊂ 75�퐻, 𝑀�휅 = 109.23GeV,Δ �퐿 (3, −1, 1) ⊂ 15�퐻, 𝑀15𝐻
= 1012GeV,𝜉 (1, 0, 1) , 𝑀�휉 ∼ O (1)TeV. (2)

The scalar singlet 𝜉(1, 0, 1) has played two crucial interesting
roles of stabilising the SM scalar potential as well as serving
asWIMPDMcandidate.The introduction of 15�퐻 at any scale
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unification. In the presentmodel we extend themodel further
by the inclusion of the following fermions and an additional
scalar 𝜒�푆(1, 0, 1):

(i) three right-handed neutrino singlets 𝑁�푖 (𝑖 = 1, 2, 3),
one for each generation, with masses to be fixed by
this model phenomenology;

(ii) three left-handed Majorana fermion singlets 𝑆�푖 (𝑖 =1, 2, 3), one for each generation, similar to those
introduced in case of inverse seesaw mechanism [25–
31];

(iii) a Higgs scalar singlet 𝜒�푆(1, 0, 1) to generate 𝑆 − 𝑁
mixings through its VEV.

Being singlets under the SM gauge group, they do not affect
precision gauge coupling unification of [126].

2.2. Coupling Unification, GUT Scale, and Proton Lifetime.
As already discussed [126, 127] using renormalization group
equations for gauge couplings and the set of Higgs scalars
of (2), precision unification has been achieved with the
PDG values of input parameters [128–130] on sin2 𝜃�푊(𝑀�푍),𝛼�푆(𝑀�푍) resulting in the following mass scales and the GUT
fine-structure constant 𝛼�퐺:𝑀�푈 = 1015.23GeV,𝑀�휅 = 109.23GeV,𝑀Δ𝐿

= 𝑀15𝐻
= 1012GeV,1𝛼�퐺

= 37.765.
(3)

Using threshold effects due to superheavy Higgs scalars
[131–138], proton lifetime prediction for 𝑝 → 𝑒+𝜋0 turns out
to be in the experimentally accessible range [139]:𝜏�푝 (𝑝 → 𝑒+𝜋0) = (1.01 × 1034±0.44− (5.5 × 1035±0.44) yrs. (4)

Extensive investigations with number of SU(5) GUT
extensions have been carried out with proton lifetime pre-
dictions consistent with experimental limits [140–149]. But
implementation of type-II seesaw dominance due to type-
I seesaw cancellation resulting in dominant LFV and LNV
decays as discussed below is new especially in the context of
non-SUSY SU(5).
3. Cancellation of Type-I and
Dominance of Type-II Seesaw

Due to introduction of heavy RH]s in the present model
which were absent in [126], it may be natural to presume
a priori that besides type-II seesaw, type-I seesaw may also
contribute substantially to light neutrinomasses andmixings.
But it has been noted that there is a natural mechanism

to cancel out type-I seesaw contribution while maintaining
dominance of inverse seesaw [84, 119, 120, 122–124] or type-
II seesaw or even linear seesaw [13, 125] as the case may be.
Briefly we discuss below how this cancellation mechanism
operates in the present extended model resulting in type-II
seesaw dominance even in the presence of heavy RH]s.

The SM invariant Yukawa Lagrangian of the model is

LYuk = 𝑌ℓ𝜓�퐿𝜓�푅𝜙 + 𝑓𝜓�푐
�퐿𝜓�퐿Δ �퐿 + 𝑦�휒𝑁�퐶𝑆𝜒�푠+ (12) 𝑀�푁𝑁�퐶𝑁 + ℎ.𝑐. (5)

Using the VEVs of the Higgs fields and denoting 𝑀 =𝑦�휒⟨𝜒�푆⟩ = 𝑦�휒𝑉�휒, 𝑀�퐷 = 𝑌⟨𝜙⟩, a 9 × 9 neutral fermion mass
matrix has been obtained which, upon block diagonalization,
yields 3 × 3 mass matrices for each of the light neutrino
(]�훼), the right-handed neutrino (𝑁�훼), and the sterile neutrino
(𝑆�훼) [120, 124, 125]. The block diagonalization of 9 × 9
neutral fermion mass matrix was presented in useful format
in [32] but without cancellation of type-I seesaw. Later on,
this diagonalization procedure has been effectively utilized
to study the type-I seesaw cancellation mechanism in SO(10)
models [13, 120, 124, 125].

In thismodel the left-handed tripletΔ �퐿 andRHneutrinos𝑀�푁 being much heavier than the other mass scales with𝑀Δ𝐿
≫ 𝑀�푁 ≫ 𝑀 ≫ 𝑀�퐷 are at first integrated out from

the Lagrangian leading to−Leff = (𝑚�퐼�퐼
] + 𝑀�퐷

1𝑀�푁

𝑀�푇
�퐷)

�훼�훽

]�푇�훼]�훽

+ (𝑀�퐷

1𝑀�푁

𝑀�푇)
�훼�푚

(]�훼𝑆�푚 + 𝑆�푚]�훼)
+ (𝑀 1𝑀�푁

𝑀�푇)
�푚�푛

𝑆�푇
�푚𝑆�푛,

(6)

which, in the (], 𝑆) basis, gives the 6 × 6 mass matrix

Meff = (𝑀�퐷𝑀−1
�푁 𝑀�푇

�퐷 + 𝑚�퐼�퐼
] 𝑀�퐷𝑀−1

�푁 𝑀�푇𝑀𝑀−1
�푁 𝑀�푇

�퐷 𝑀𝑀−1
�푁 𝑀�푇

) , (7)

while the 3 × 3 heavy RH neutrino mass matrix 𝑀�푁 is
the other part of the full 9 × 9 neutrino mass matrix. This9 × 9 mass matrix M̃�퐵�퐷 which results from the first step of
block diagonalization procedure as discussed above and in
the Appendix is

W
†
1M]W

∗
1 = M̃BD = (Meff 00 𝑀�푁

) . (8)

Defining 𝑋 = 𝑀�퐷𝑀−1,𝑌 = 𝑀𝑀−1
�푁 ,𝑍 = 𝑀�퐷𝑀−1
�푁 , (9)
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the transformationmatrixW1 has been derived as shown
in (10) [120, 125]

W1

= (1 − 12𝑍𝑍† −12𝑍𝑌† 𝑍−12𝑌𝑍† 1 − 12𝑌𝑌† 𝑌−𝑍† −𝑌† 1 − 12 (𝑍†𝑍 + 𝑌†𝑌)) . (10)

After the second step of block diagonalization, the type-I
seesaw contribution cancels out and gives in the (], 𝑆, 𝑁) basis

W
†
2M̃BDW

∗
2 = MBD = ( 𝑚] 0 00 𝑚S 00 0 𝑚N

) , (11)

where W2 has been derived in (12) [120, 125]. We have used
the bare mass of 𝑆�푖 and VEV of 𝜒�퐿(2, −1/2, 1) to be vanishing,
i.e., 𝜇�푆 = 0, < 𝜒�퐿 >= 0, to get the form suitable for this model
building.

W2 = (1 − 12𝑋𝑋† 𝑋 0−𝑋† 1 − 12𝑋†𝑋 00 0 1) (12)

In (11) the three 3 × 3 matrices are𝑚] = 𝑚�퐼�퐼
] = 𝑓V�퐿 (13)𝑚S = −𝑀𝑀−1

�푁 𝑀�푇 (14)𝑚N = 𝑀�푁, (15)

the first of which is the well-known type-II seesaw formula
and the second is the emergence of the corresponding type-
I seesaw formula for the singlet fermion mass. The third
of the above equations represents the heavy RH] mass
matrix.

In the third step,𝑚],𝑚S, and𝑚N are further diagonalized
by the respective unitarymatrices to give their corresponding
eigenvalues:𝑈†

]𝑚]𝑈∗
] = �̂�] = diag (𝑚1, 𝑚2, 𝑚3) ,𝑈†

�푆𝑚S𝑈∗
�푆 = �̂��푆 = diag (𝑚�푆1

, 𝑚�푆2
, 𝑚�푆3

) ,𝑈†
�푁𝑚N𝑈∗

�푁 = �̂��푁 = diag (𝑀�푁1
, 𝑀�푁2

, 𝑀�푁3
) . (16)

The completemixingmatrix [32, 120] diagonalizing the above9×9 neutrinomassmatrix occurring in (8) and in (A.1) of the
Appendix turns out to be

V ≡ (V]]̂
�훼�푖 V]�푆

�훼�푗 V]�̂푁
�훼�푘

V�푆]̂
�훽�푖 V�푆�푆

�훽�푗 V�푆�̂푁
�훽�푘

V�푁]̂
�훾�푖 V�푁�푆

�훾�푗 V�푁�̂푁
�훾�푘

) (17)

= ((1 − 12𝑋𝑋†) 𝑈] (𝑋 − 12𝑍𝑌†) 𝑈�푆 𝑍𝑈�푁−𝑋†𝑈] (1 − 12 {𝑋†𝑋 + 𝑌𝑌†}) 𝑈�푆 (𝑌 − 12𝑋†𝑍) 𝑈�푁0 −𝑌†𝑈�푆 (1 − 12𝑌†𝑌) 𝑈�푁

) , (18)

as shown in the Appendix. In (18), 𝑋 = 𝑀�퐷𝑀−1, 𝑌 = 𝑀𝑀−1
�푁 ,

and 𝑍 = 𝑀�퐷𝑀−1
�푁 .

The mass of the singlet fermion is acquired through a
type-I seesaw mechanism:𝑚�푆 = −𝑀 1𝑀�푁

𝑀�푇 (19)

where 𝑀 is the 𝑁 − 𝑆 mixing mass term in the Yukawa
Lagrangian (6).

4. Type-II Seesaw Fit to Oscillation Data

4.1. Neutrino Mass Matrix from Oscillation Data. Using
diagonalization of neutrino mass matrix (𝑚]) by the PMNS
matrix 𝑈PMNS𝑚] = 𝑈PMNS diag (𝑚1, 𝑚2, 𝑚3) 𝑈�푇

PMNS, (20)

where 𝑚�푖 (𝑖 = 1, 2, 3) denote the mass eigen values. For
neutrino mixings we use the abbreviated cyclic notations𝑡�푖 = sin 𝜃�푗�푘, 𝑐�푖 = cos 𝜃�푗�푘, where 𝑖, 𝑗, 𝑘 are cyclic permuta-
tions of generational numbers 1, 2, 3. Following the standard
parametrisation we denote the PMNS matrix [128–130]𝑈PMNS

= ( 𝑐3𝑐2 𝑡3𝑐2 𝑡2𝑒−�푖�훿𝐷−𝑡3𝑐1 − 𝑐3𝑡1𝑡2𝑒�푖�훿𝐷 𝑐3𝑐1 − 𝑡3𝑡1𝑡2𝑒�푖�훿𝐷 𝑡1𝑐2𝑡3𝑡1 − 𝑐3𝑐1𝑠2𝑒�푖�훿𝐷 −𝑐3𝑡1 − 𝑡3𝑐1𝑡2𝑒�푖�훿𝐷 𝑐1𝑐2 )
⋅ diag (𝑒�푖�훼𝑀/2, 𝑒�푖�훽𝑀/2, 1) ,

(21)

where 𝛿�퐷 is the Dirac CP phase and (𝛼�푀, 𝛽�푀) are Majorana
phases.
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Here we present numerical analyses within 3𝜎 limit of
the neutrino oscillation data in the type-II seesaw framework
[126]. As we do not have any experimental information about
Majorana phases, they are determined by means of random
sampling; i.e., from the set of randomly generated values,
each confined within the maximum allowed limit of 2𝜋, only
one set of values for (𝛼�푀, 𝛽�푀) is chosen. Very recent analysis
of the oscillation data has determined the 3𝜎 and 1𝜎 limits
of Dirac CP phase 𝛿�퐷 [1]. The best fit values of 𝛿�퐷 in the
normally ordered (NO) and invertedly ordered (IO) cases are
near 1.2𝜋 and 1.5𝜋, respectively, which we utilize for the sake
of simplicity. A phenomenologicalmodel analysis has yielded𝛿�퐷 = ±1.32𝜋 [150].

Global fit to the oscillation data [1] is summarized below
including respective parameter uncertainties at 3𝜎 level:𝜃12

∘ = 34.5 ± 3.25,𝜃23
∘ (NO) = 41.0 ± 7.25,𝜃23
∘ (IO) = 50.5 ± 7.25,𝜃13

∘ (NO) = 8.44 ± 0.5,𝜃13
∘ (IO) = 8.44 ± 0.5,𝛿�퐷𝜋 (NO) = 1.40 ± 1.0,𝛿�퐷𝜋 (IO) = 1.44 ± 1.0,Δ𝑚2

21 = (7.56 ± 0.545) × 10−5eV2,Δ𝑚31
2 (NO) = (2.55 ± 0.12) × 10−3eV2,Δ𝑚31
2 (IO) = (2.49 ± 0.12) × 10−3eV2.

(22)

We denote the cosmologically constrained parameter, the
sum of the three active neutrino masses, asΣ] = Σ�푖�̂��푖. (23)

For normally hierarchical (NH), inverted hierarchical (IH),
and quasidegenerate (QD) patterns, the experimental values
of mass squared differences have been fitted by the following
values of light neutrino masses and the respective values of
the cosmological parameter Σ].�̂�] = (0.00127, 0.008838, 0.04978) eV (NH)Σ] = 0.059888 eV,�̂�] = (0.04901, 0.04978, 0.00127) eV (IH)Σ] = 0.059888 eV,�̂�] = (0.2056, 0.2058, 0.2) eV (QD) ,Σ] = 0.6114 eV.

(24)

Using oscillation data and best fit values of the mixings, we
have also determined the PMNS mixing matrix numerically:𝑈PMNS

= ( 0.816 0.56 −0.0199 − 0.0142𝑖−0.354 − 0.0495𝑖 0.675 − 0.0346𝑖 0.6500.450 − 0.0568𝑖 −0.485 − 0.0395𝑖 0.75 ) . (25)

4.2. Determination of Majorana Yukawa Coupling Matrix.
Now inverting the relation �̂�] = 𝑈†

�푃�푀�푁�푆M]𝑈∗
�푃�푀�푁�푆 where�̂�] is the diagonalized neutrino mass matrix, we determine

M] for three different cases and further determine the
corresponding values of the𝑓matrix using𝑓 = M]/V�퐿 where
we use the predicted value of V�퐿 = 0.1 eV.

NH𝑓
= ( 0.117 + 0.022𝑖 −0.124 − 0.003𝑖 0.144 + 0.025𝑖−0.124 − 0.003𝑖 0.158 − 0.014𝑖 −0.141 + 0.017𝑖0.144 + 0.025𝑖 −0.141 + 0.017𝑖 0.313 − 0.00029𝑖) (26)

IH𝑓
= (0.390 − 0.017𝑖 0.099 + 0.01𝑖 −0.16 + 0.05𝑖0.099 + 0.01𝑖 0.379 + 0.02𝑖 0.176 + 0.036𝑖−0.16 + 0.05𝑖 0.176 + 0.036𝑖 0.21 − 0.011𝑖 ) (27)

QD𝑓
= ( 2.02 + 0.02𝑖 0.0011 + 0.02𝑖 −0.019 + 0.3𝑖0.0011 + 0.02𝑖 2.034 + 0.017𝑖 0.021 + 0.21𝑖−0.019 + 0.3𝑖 0.021 + 0.21𝑖 1.99 − 0.04𝑖 ) (28)

Randomly chosen Majorana phases [126] 𝛼�푀 = 74.84∘,𝛽�푀 = 112.85∘, and the central value of the Dirac phase 𝛿�퐷 =218∘ have been used in this analysis. Using the well-known
definition of the Jarlskog-Greenberg [151, 152] invariant,𝐽�퐶�푃 = −𝑡3𝑐3𝑡2𝑐22 𝑡1𝑐1 sin 𝛿�퐷, (29)

and keeping 𝛿�퐷 at its best fit values, we have estimated the
predicted allowed ranges of the CP-violating parameter in
both cases: 𝐽�퐶�푃 = 0.0175 − 0.0212 (NH)𝐽�퐶�푃 = 0.0302 − 0.0365 (IH) (30)

where the variables have been permitted to acquire values
within their respective 3𝜎 ranges of the oscillation data.
Besides these there are nonunitarity contributionswhich have
been discussed extensively in the literature.
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4.3. Scaling Transformation of Solutions. In general there
could be type-II seesaw models characterizing different
seesaw scales and induced VEVs matching the given set of
neutrino oscillation data represented by the same neutrino
mass matrix. For two such models,𝑚] = 𝑓(1)V(1)�퐿= 𝑓(2)V(2)�퐿 , (31)

Then the 𝑓− matrix in one case is determined up to good
approximation in terms of the other from the knowledge of
the two seesaw scales.𝑓(1) ≃ 𝑓(2) 𝑀Δ(1)𝑀Δ(2)

(32)

At 𝑀Δ(1) = 1012 GeV our solutions are the same as in [126].
In view of this scaling relation, we can determine the values
of the Majorana Yukawa matrix in the present case from
the estimations of [126]. For example, if we choose 𝑀Δ(1) =1010 GeV in the present case compared to 𝑀Δ(2) = 1012

GeV in [126], we rescale the solutions of [126] by a factor10−2 to derive solutions in the present case. Thus graphical
representations of solutions are similar to those of [126] for𝑀Δ(2) = 1012 GeV which we do not repeat here. The values of
magnitudes of 𝑓�푖�푗 at any new scale are obtained by rescaling
them by the appropriate scaling factor while the phase angles
remain the same as in [126].

4.4. Dirac Neutrino Mass Matrix. The Dirac neutrino mass
matrix 𝑀�퐷 plays crucial role in predicting LFV and LNV
decays. In certain SO(10) models [50, 51, 125] this is usually
determined by fitting the charged fermionmasses at the GUT
scale and equating it with the up-quark mass matrix. The
fact that 𝑀0

�퐷 ≃ 𝑀0
�푢 at the GUT scale follows from the

underlying quark lepton symmetry [44] of SO(10). In SU(5)
itself, however, there is no such symmetry to predict the
structure of𝑀�퐷 in terms of quarkmatrices. Also in this SU(5)
model we do not attempt any charged fermion mass fit at
the GUT scale or above it. Since the Dirac neutrino mass
matrix is not predicted by the SU(5) symmetry itself, for the
sake of simplicity and to derive maximal effects on LFV and
LNV decays, we assume 𝑀0

�퐷 to be equal to the up-quark
mass matrix 𝑀0

�푢 at the GUT scale. Noting that 𝑁 is SU(5)
singlet fermion, in the context of relevant Yukawa interaction
Lagrangian−LYuk = [𝑌�푁5�퐹 ⋅ 1�퐹 ⋅ 5�퐻 + 𝑌�푢10�퐹 ⋅ 10�퐹 ⋅ 5�퐻 + ⋅ ⋅ ⋅]+ ℎ.𝑐., (33)

this assumption is equivalent to alignment of the two Yukawa
couplings: 𝑌�푁 ≃ 𝑌�푢. (34)

This alignment is naturally predicted in SO(10) or SO(18)
[73], but in the present SU(5) case it is assumed.

We realize this matrix 𝑀�퐷 using renormalization group
equations for fermion masses and gauge couplings and their

numerical solutions [153–155] starting from the PDG values
[128–130] of fermion masses at the electroweak scale. Fol-
lowing the bottom-up approach and using the down-quark
diagonal basis, the quark masses and the CKM mixings are
extrapolated from low energies using renormalization group
(RG) equations [153–157]. After assuming the approximate
equality 𝑀0

�퐷 ≃ 𝑀0
�푢 at the GUT scale where 𝑀0

�푢 is the up-
quarkmassmatrix, the top-down approach is exploited to run
down this mass matrix 𝑀0

�퐷 using RG equations [153]. Then
the value of 𝑀�퐷 near 1 − 10 TeV scale turns out to be𝑀�퐷

≃ ( 0.014 0.04 − 0.01𝑖 0.109 − 0.3𝑖0.04 + 0.01𝑖 0.35 2.6 + 0.0007𝑖0.1 + 0.3𝑖 2.6 − 0.0007𝑖 79.20 ) 𝐺𝑒𝑉. (35)

As already noted above, although on the basis of SU(5)
symmetry alone there may not be any reason for the rigorous
validity of (35), in what follows we study the implications
of this assumed value of 𝑀�퐷 to examine maximum possible
impact on LFV andLNVdecays discussed in Sections 6 and 7.
Another reason is that the present assumption on𝑀�퐷 may be
justified in direct SO(10) breaking to the SM which we plan
to pursue in a future work.

5. Right-Handed Neutrino Mass
in SU(5) vs SO(10)

5.1. RH]Mass in SO(10). The fermions responsible for type-I
and type-II seesaw are the LH leptonic doublets and the RH
fermionic singlets of three generations. In SO(10) the left-
handed lepton doublet (], 𝑙)�푇 and the right-handed neutrino𝑁 are in the same spinorial representation 16�퐹.(], 𝑙)�푇 ⊂ 16�퐹,𝑁 ⊂ 16�퐹. (36)

The Higgs representation 126†
�퐻 ⊂ 𝑆𝑂(10) contains both the

left-handed and the right-handed triplets carrying𝐵−𝐿 = −2,126†
�퐻 = Δ �퐿 (3, 1, −2, 1) + Δ�푅 (1, 3, −2, 1) + ⋅ ⋅ ⋅ (37)

where the quantum numbers are under the left-right symme-
try group 𝑆𝑈(2)�퐿 × 𝑆𝑈(2)�푅 × 𝑈(1)�퐵−�퐿 × 𝑆𝑈(3)�퐶. The common
Yukawa coupling 𝑓10 in the Yukawa term−LYuk10 = 𝑓1016�퐹16�퐹126†

�퐻 (38)

generates the dilepton-Higgs triplet interactions both in the
left-handed and right-handed sectors giving rise to type-I
and type-II seesaw mechanisms. The RH neutrino mass is
generated through the VEV of the neutral component of the
of Δ�푅

M�푁 = 𝑓10 ⟨Δ0
�푅⟩ . (39)

The type-II seesaw contribution to light neutrino mass is

M] = 𝑓10V�퐿 (40)
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Figure 1: Feynmandiagram representing type-II seesawmechanism
for neutrino mass generation in SU(5). Scalar fields 𝜙, 𝜎�푆, and Δ �퐿

represent SMHiggs doublet, singlet, and LH triplet as defined in the
text. This diagram defines the trilinear coupling mass 𝜇Δ = 𝜆⟨𝜎�푆⟩.
where V�퐿 is the corresponding induced VEV of Δ �퐿

V�퐿 = 𝜆10

⟨Δ0
�푅⟩ V2�푒�푤𝑀2
Δ𝐿

. (41)

Here 𝜆10 is the quartic coupling in the part of the scalar
potential𝑉10 = 𝜆10Δ†

�퐿Δ�푅𝜙†𝜙 ⊂ 𝜆10126†
�퐻126�퐻10�퐻10�퐻. (42)

Thus with type-II seesaw dominance, the predicted heavy
RH neutrino masses in SO(10) follow the same hierarchical
pattern as the active light neutrino masses𝑀�푁1

: 𝑀�푁2
: 𝑀�푁3

~ 𝑚1 : 𝑚2 : 𝑚3. (43)

5.2. RH]Mass in SU(5). Feynman diagram for type-II seesaw
mechanism in the present SU(5) model is shown in Figure 1.

In contrast to SO(10) where the LH leptonic doublet and
the RH] are in one and the same representation 16�퐹, in SU(5)
they are in different representations(], 𝑙)�푇 ⊂ 5�퐹,𝑁 ⊂ 1�퐹. (44)

In SU(5), while the dilepton-Higgs interaction is given by−L�푌�푢�푘�푙�푙 = 𝑓5�퐹5�퐹15�퐻, (45)

the RH neutrino mass is generated through−L�푌�푢�푘�푁�푁 = (12) 𝑓�푁𝑁𝑁𝜎�푆 + ℎ.𝑐. (46)

The fact that𝑁 is a singlet under SU(5) forces𝜎�푆 to be a singlet
too. Further this singlet 𝜎�푆 must carry 𝐵 − 𝐿 = −2 as its VEV
generates the heavy Majorana mass𝑀�푁 = 𝑓�푁 ⟨𝜎�푆⟩ . (47)

In sharp contrast to SO(10) where the LH triplet Δ �퐿 and the
RH triplet Δ�푅 scalars contained in the same representation

126†
�퐻 generate the type-II seesaw and 𝑀�푁, the situation in

SU(5) is different. Since LH triplet Δ �퐿(3, −1, 1) mediating
type-II seesaw belongs to Higgs representation 15�퐻 ⊂ SU(5)
and 𝜎�푆 belongs to a completely different representation
(which is a singlet ⊂ SU(5)), the two relevant Majorana type
couplings in general may not be equal𝑓�푁 ̸= 𝑓. (48)

Also this assertion is further strengthened if we do not
assume SU(5) to be a remnant of SO(10). Then the RH
neutrino mass hierarchy can be decoupled from the type-II
seesaw prediction. It is interesting to note that in SU(5)

V�퐿 = 𝜇ΔV
2
ew𝑀2
Δ

(49)

where 𝜇Δ is the trilinear coupling in the potential term𝑉�푡�푟�푖 = 𝜇ΔΔ �퐿𝜙𝜙 + ℎ.𝑐. (50)

The VEV of this singlet 𝜎�푆 can explain the dynamical origin
of such trilinear coupling through its VEV V�휎 = ⟨𝜎�푆⟩𝜇Δ = 𝜆V�휎, (51)

where 𝜆 is the quartic coupling in the potential term𝑉�푞�푙 = 𝜆𝜎�푆Δ �퐿𝜙𝜙 + ℎ.𝑐. (52)⊂ 𝜆𝜎�푆15�퐻5�퐻5�퐻 + ℎ.𝑐 (53)

where the second line represents the SU(5) origin. For GUT
scale 𝑈(1)�퐵−�퐿 symmetry breaking driving VEV V�휎 ≃ 𝑀�퐺�푈�푇

in the natural absence of any intermediate symmetry, it is
possible to ensure 𝜇Δ ≃ 𝑀Δ𝐿

for𝜆 ≃ 𝑀Δ𝐿𝑀�퐺�푈�푇

. (54)

Thus the SU(5) model gives similar explanation for quartic
coupling as in direct breaking case of SO(10). But the
predicted hierarchy of RH] masses in SU(5) may not, in
general, follow the same hierarchical pattern as given by
SO(10) shown in (43). This is precisely so because (43)
follows from the fact that the samematrix𝑈�푃�푀�푁�푆 diagonalizes
both the LH and the RH neutrino mass matrices which is
further rooted in the fact that the same Majorana coupling𝑓10 that generates the type-II seesawmass term also generates𝑀�푁. But because of the general possibility in SU(5) that𝑓�푁 ̸= 𝑓, the RH]s may acquire a completely different pattern
depending upon the value of𝑓�푁. Unlike SO(10), thesemasses
emerging from SU(5) are also allowed to be quite different
from the type-II seesaw scale.

Even if the value of V�휎 may be needed to be near𝑀Δ𝐿
, the value of 𝑀�푁 is allowed to be considerably lower

by fine-tuning the value of 𝑓�푁. Our LFV and LNV decay
phenomenology as discussed below may need 𝑀�푁 = 1 − 10
TeV which is realizable using this new technique in SU(5).
In contrast SO(10) needs 𝑈(1)�푅 × 𝑈(1)�퐵−�퐿 [84, 125, 157] or



8 Advances in High Energy Physics𝑆𝑈(2)�푅 × 𝑈(1)�퐵−�퐿 gauge symmetry and hence new gauge
bosons near the TeV scale to generate suchRH]masses which
should be detected at LHC [84, 125]. Thus a new mechanism
for RH] mass emerges here by noting the coupling 𝑓�푁 ̸= 𝑓
which has the potential to generate RH] masses over a wide
range of values 𝑀�푁 ∼ 100 − 1015 GeV. Then the RH] mass
predictions in the twoGUTs in the presence of type-II seesaw
dominance are as follows:

Type-II Seesaw Dominated SO(10)

𝑀�푁𝑖
≃ 𝑚�푖𝑀2

Δ𝐿

V2�푒�푤
. (55)

Type-II Seesaw Dominated SU(5)𝑀�푁𝑖
= [O (10)GeV − O (𝑀Δ𝐿

)] . (56)

Here 𝑚�푖, 𝑖 = 1, 2, 3, are the three mass eigen values of light
neutrinos. It is to be noted that 𝑚�푖 is absent in the RHS of
(56) in the SU(5) case.
5.3. Realization of Mass Hierarchies. Here we discuss how the
stated hierarchy in Section 3𝑀Δ𝐿

≫ 𝑀�푁 ≫ 𝑀 ≫ 𝑀�퐷, (57)

for type-II seesaw dominance, is realized through fine tuning.
At first noting that the mass squared term for 15�퐻 ⊂ 𝑆𝑈(5)
in the scalar potential, 𝑀2

1515†
�퐻15�퐻, is SU(5) invariant, 𝑀15

can have any mass below the GUT scale subject to proton
stability and gauge coupling unification. Since 15�퐻, unlike5�퐻, does not have Yukawa interactions with SM fermions, the
Higgs mediated proton decay is suppressed. We now explain
why we have used 𝑀15 = 𝑀Δ𝐿

= 1012 GeV. In our model
it is possible to assign any mass 𝑀15 = 𝑀Δ𝐿

> 𝑀�휂 where
the mass of 𝜂(3, 0, 8) ⊂ 75�퐻 is 𝑀�휂 = 109.23 GeV. Because
of the presence of 𝜂(3, 0, 8) at such intermediate mass value,
precision gauge coupling unification is achieved which has
been discussed separately [126, 127]. Following the standard
symmetry breaking SU(5) → SM through the GUT scale
VEV of the SM singlet scalar in the adjoint representation24�퐻, 𝑉�퐺�푈�푇 = ⟨240

�퐻⟩, a SU(5) invariant scalar potential 𝑉�휂

gives the mass of 𝜂(3, 0, 8)𝑉�휂 = 𝑀2
75752

�퐻 + 𝑚(24,75)24�퐻752
�퐻 + 𝜆(24,75)242

�퐻752
�퐻⊃ [𝑀2

75 + 𝑚(24,75)𝑉�퐺�푈�푇 + 𝜆(24,75)𝑉2
�퐺�푈�푇] 𝜂2. (58)

This leads to 𝑀2
�휂 = 𝑀2

75 + 𝑚(24,75)𝑉�퐺�푈�푇 + 𝜆(24,75)𝑉2
�퐺�푈�푇.

Here 𝑀75 ∼ 𝑚(24,75) ∼ 𝑉�퐺�푈�푇 ∼ 𝑀�퐺�푈�푇. Thus fine-tuning
any one of these four parameters can give 𝑀�휂 = 109.23

GeV. The presence of 15�퐻 below 𝑀�휂 destabilizes unification
but protects it for 𝑀15 > 𝑀�휂. This has led to the chosen value
of 𝑀Δ𝐿

= 𝑀15 = 1012 GeV. We have noted in the following
section that the value of 𝑀3 < 1 TeV violates the observed

bound on the nonunitarity parameter 𝜂�휏�휏 < 2.7×10−3 leading
to the lower bound on 𝑀 in the degenerate case𝑀1 = 𝑀2 = 𝑀3 ≥ 1250 GeV. (59)

Here 𝑀 = diag(𝑀1, 𝑀2, 𝑀3). Noting the definition𝑀 = 𝑦�휒 ⟨𝜒�푆 (1, 0, 1)⟩ = 𝑦�휒𝑉�휒, (60)

we now argue that even for GUT scale mass of 𝜒�푆 and its VEV𝑉�휒 = 𝑉�퐺�푈�푇, it is possible to satisfy (59). For 𝑉�휒 ∼ 𝑉�퐺�푈�푇 ∼ 1015

GeV we need a small fine-tuned value of Yukawa coupling𝑦�휒 > 10−12, (61)

which satisfies 𝑀 ≥ 1 TeV but does not affect any known
fermion mass. This shows the interesting possibility that
even without having a low mass nonstandard Higgs 𝜒�푆, it is
possible to realize the extended seesaw with type-II seesaw
dominance. However, if we insist on 𝑦�휒 ≤ 1, we need 𝑉�휒 ≥ 1
TeV and 𝑀�휒𝑆

≥ 1 TeV which is realizable as 𝜒�푆 is a SU(5)
scalar singlet. As we have assumed 𝑀�퐷 = 𝑀�푢, this gives at
GUT scale on extrapolation [153]𝑀�퐷33

∼ 𝑚top ≃ 85 GeV. (62)

Here 𝑚top is the top-quark mass. Thus achieving precision
unification and type-II seesaw dominance has already given
us 𝑀�퐷�푒�푙�푡�푎 > 𝑀�휂 whereas fine-tuning the Majorana coupling,𝑓�푁 > 10−11, has yielded 𝑀�푁 > 104 GeV. Combining these
with (59) and (62) gives the hierarchical relation of (57).

6. Lepton Flavor Violations

Using SMextensions there has been extensive investigation of
lepton flavor violating phenomena 𝑙�훼 → 𝑙�훽 + 𝛾, (𝛼 ̸= 𝛽) and
other processes like 𝜇 → 𝑒𝑒𝑒 including unitarity violations
[101–108, 110–116]. In the flavor basis we use the standard
charged current Lagrangian

LCC = − 1√2 ∑
�훼=�푒,�휇,�휏

[𝑔2�퐿ℓ�훼�퐿𝛾�휇]�훼�퐿𝑊�휇
�퐿 ] + h.c. (63)

In predicting the LFV branching ratios we have used the
relevant formulas of [101] and assumed a simplifying diagonal
structure for M, 𝑀 = diag. (𝑀1, 𝑀2, 𝑀3) . (64)

Then (64), in combinationwith (35), gives the elements of the
] − 𝑆 mixing matrix

V
(�푙�푆) = (

(
𝑀�퐷�푒1𝑀1

𝑀�퐷�푒2𝑀2

𝑀�퐷�푒3𝑀3𝑀�퐷�휇1𝑀1

𝑀�퐷�휇2𝑀2

𝑀�퐷�휇3𝑀3𝑀�퐷�휏1𝑀1

𝑀�퐷�휏2𝑀2

𝑀�퐷�휏3𝑀3

)
)

. (65)

The 𝑆 − 𝑁 mixing matrix,𝑉(�푆�푁) = 𝑀𝑀�푁

, (66)
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is relatively damped out since 𝑀�푁 ≫ 𝑀. In fact the type-
I cancellation condition 𝑀�푁 >> 𝑀 >> 𝑀�퐷 ensures this
damping. Noting that the physical neutrino flavor state ]�훼 is
a mixture of ]̂, 𝑆, and �̂�,

]�훼 = 𝑈�훼�푖]̂�푖 + 𝑉�푙�푆
�훼�푖𝑆 + 𝑉(�푆�푁)

�훼�푖 �̂��푖. (67)

Here 𝑈 ∼ 𝑈�푃�푀�푁�푆 and the other two mixings violate unitarity.
For large 𝑀�푁 ≫ 𝑀 the third term in the RHS of (67) can be
dropped leading to the unitarity violation parameter 𝜂𝑈�耠 ≃ (1 − 𝜂) 𝑈�푃�푀�푁�푆. (68)

Here 𝜂�훼�훽 = (12) (𝑋 ⋅ 𝑋†)
�훼�훽

,𝑋 = 𝑀�퐷𝑀 . (69)

There has been extensive discussion on the constraint
imposed on this parameter [108, 111]. The largest out of these
is 𝜂�휏�휏 ≤ 0.0027. Theoretically12 [∑

�푖

𝑀�퐷𝜏𝑖
⋅ 𝑀�퐷∗𝜏𝑖𝑀2
�푖

] ≤ 0.0027. (70)

In the completely degenerate case of 𝑆 − 𝑁 mixing, 𝑀1 =𝑀2 = 𝑀3 = 𝑀, we get the following.𝑀 ≥ 1250GeV (71)

The RH neutrinos in the present model being degenerate
with masses 𝑀�푁𝑖

≫ 𝑚�푆𝑖
have much less significant contri-

butions than the singlet fermions. The predicted branching
ratios being only few to four orders less than the current
experimental limits [95] are verifiable by ongoing searches,𝐵𝑅 (𝜇 → 𝑒𝛾) = 1.19 × 10−16,𝐵𝑅 (𝜏 → 𝑒𝛾) = 1.69 × 10−14,𝐵𝑅 (𝜏 → 𝜇𝛾) = 1.8 × 10−12. (72)

For the sake of completeness we present the variation of LFV
decay branching ratios as a function of the lightest neutrino
mass in Figure 2.

In this approach the LFV decay rate mediated by the 𝑊�퐿

boson in the loop depends predominantly upon𝑁−𝑆mixing
matrix 𝑀 and the Dirac neutrino mass matrix 𝑀�퐷, although
subdominantly upon the RH] mass matrix M�푁. However in
the high scale type-II seesaw ansatz followed here LFV decay
rate is independent of light neutrino masses. This behavior
of LFV decay rates is clearly exhibited in Figure 2 where the
three branching ratios have maintained constancy with the
variation of 𝑚].

7. Dominant 𝑊�퐿−𝑊�퐿 Channel Double Beta
Decay within Cosmological Bound

7.1. Double Beta Decay Mediation by Sterile Neutrinos. In the
absence of𝑊�푅 bosons and right-handedΔ±±

�푅 in SU(5), there is
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Figure 2: Variation of LFV decay branching ratios as a function
of the lightest neutrino mass. Colored horizontal lines represent
I : 𝐵𝑅(𝜏 → 𝜇𝛾), II : 𝐵𝑅(𝜏 → 𝑒𝛾), and III : 𝐵𝑅(𝜇 → 𝑒𝛾).
no contribution to right-handed double beta production.The
gauge coupling unification constraint sets the lower bound on
the masses of left-handed doubly charged Higgs bosons Δ±±

�퐿

to be 𝑀Δ𝐿
≃ 𝑀15𝐻

> 109.23 GeV. As such they have negligible
contributions for direct mediations of 0]𝛽𝛽 process with left-
handed electrons. Thus the only significant contributions in
the 𝑊�퐿 − 𝑊�퐿 channel could be through the mediation of
], 𝑆, and 𝑁. Feynman diagrams for 0]𝛽𝛽 decay amplitude
in the 𝑊�퐿 − 𝑊�퐿 channel due to the exchanges of Majorana
fermions ], 𝑆, and 𝑁 are shown in Figure 3. In Figure 4 we
also present Feynman diagram for 0]𝛽𝛽 decay amplitude
due to the sterile neutrino exchange where its mass insertion
has been explicitly indicated. Mass eigen values of different
sterile neutrinos for different sets of (𝑀1, 𝑀2, 𝑀3) consistent
with constraints on unitarity violating parameters 𝜂�훼�훽 are
presented in Table 1. We have used the singlet fermion mass
seesaw formula of (15) and 𝑀�푁1

= 𝑀�푁2
= 𝑀�푁3

= 4000 GeV.
These solutions are displayed in Figure 5.

We use normalizations necessary for different contribu-
tions [158–164] due to exchanges of light neutrinos, sterile
neutrinos, and the heavy RH neutrinos in the 𝑊�퐿 − 𝑊�퐿

channel. They lead to the inverse half-life [120, 124, 125],[𝑇0]
1/2]−1 ≃ 𝐺01

M0]
]𝑚�푒

2 M�푒�푒
] + M�푒�푒

�푆 + M�푒�푒
�푁

2 ,= 𝐾0]
M�푒�푒

] + M�푒�푒
�푆 + M�푒�푒

�푁
2 ,= 𝐾0]

Meff
2 . (73)

Here 𝐺01 = 0.686 × 10−14yrs−1, M0]
] = 2.58 − 6.64, and𝐾0] = 1.57 × 10−25yrs−1eV−2. In (73) the three effective mass

parameters have been defined as

Mee
] = ∑

�푖

(V]]
�푒�푖 )2 𝑚]𝑖 (74)

Mee
�푆 = ∑

�푖

(V]�푆
�푒�푖 )2 𝑝2�̂��푆𝑖

(75)

Mee
�푁 = ∑

�푖

(V]�푁
�푒�푖 )2 𝑝2𝑀�푁𝑖

, (76)
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Figure 3: Feynman diagrams representing neutrinoless double beta decay due to exchanges of all three types of Majorana fermions ], 𝑆, and𝑁.
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Figure 4: Feynman diagram representing neutrinoless double beta
decay amplitude due to exchanges of singlet fermions 𝑆�푖 (𝑖 = 1 − 3)
with explicit mass insertion 𝑚�푠 = −𝑀(1/𝑀�푁)𝑀�푇.
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Figure 5: Prediction of singlet fermion mass eigen values as a
function of 𝑁 − 𝑆 mixing mass parameters 𝑀�푖 (𝑖 = 1, 2, 3) for𝑀�푁𝑖

= 4 TeV (𝑖 = 1, 2, 3).The horizontal red colored line represents
solutions for two other eigen values for 𝑀2 = 𝑀3 = 1200 GeV.

with

Meff = M�푒�푒
] + M�푒�푒

�푆 + M�푒�푒
�푁. (77)

Table 1: Prediction of singlet fermion masses for different values of(𝑀1, 𝑀2, 𝑀3) where we have used 𝑀�푁1
= 𝑀�푁2

= 𝑀�푁3
= 4000 GeV.𝑀 (GeV) �̂��푠 (GeV)(60, 1200, 1200) (0.9, 360, 360)(70, 1200, 1200) (1.22, 360, 360)(80, 1200, 1200) (1.60, 360, 360)(90, 1200, 1200) (2.00, 360, 360)(100, 1200, 1200) (2.50, 360, 360)(110, 1200, 1200) (3.00, 360, 360)(120, 1200, 1200) (3.60, 360, 360)(130, 1200, 1200) (4.22, 360, 360)(140, 1200, 1200) (4.90, 360, 360)(150, 1200, 1200) (5.62, 360, 360)

The quantity �̂��푆𝑖
is the i-th eigen value of the 𝑆− fermion

mass matrix 𝑚�푆. The magnitude of neutrino virtuality
momentum |𝑝| has been estimated to be in the allowed range|𝑝| = 120 MeV−200 MeV [158–164]. The contributions of
the RH]s, beingmuch heavier than the singlet fermions, have
been neglected.

7.2. Singlet Fermion Assisted Enhanced Double Beta Decay
Rate. We use neutrino oscillation data to estimate 𝑀ee

] for
NHand IH caseswith the values ofDirac phase andMajorana
phases as discussed above. We further use the values of 𝑀�푖

fromTable 1 and Figure 5 and theDirac neutrinomassmatrix
from (35) to estimate 𝑀ee

�푆 while treating the RH] mass at its
assumed degenerate value of 𝑀�푁𝑖

= 4TeV (𝑖 = 1, 2, 3). The
variation of effective parameter 𝑚ee as a function of lightest
neutrino mass is shown in Figure 6 when 𝑚�푠1

= 2 GeV.
As noted from the analytic formulas, the effective mass

parameter in the singlet fermion dominated case, being
inversely proportional to 𝑚�푠1

, will proportionately decrease
with increasing value of the mediating particle mass. This
feature has been shown in Figure 7. We present predictions
of double beta decay half-life as a function of the singlet
fermion mass in Figure 8. It is clear that while for 𝑚�푠1

= 2
GeV the half-life saturates the current experimental limit,
for larger values of 𝑚�푠1

the half-life is found to increase.
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Figure 6: Variation of effective mass parameter as a function of
lightest active neutrino mass 𝑚1 for 𝑚�푠1

= 2 GeV. For comparison,
predictions in the standard model supplemented by light neutrino
masses of NH type are shown by green dot-dashed curve. For IH
pattern of mass hierarchy the standard prediction is shown by red
dot-dashed curve.
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Figure 7: Same as Figure 6 but for 𝑚�푠1
= 4.0 GeV.

Neglecting heavy RH] contributions but including those due
to the lightest sterile neutrino and the IH type light neutrinos,
our predictions of half-life as a function of the lightest sterile
neutrino mass are shown in Figure 9.
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Figure 8: Prediction of double beta decay half-life as a function of
sterile neutrino mass 𝑚�푠1

GeV (blue shaded curve) where the NH
type light neutrino and the sterile neutrino exchange contributions
have been included. Effects of much larger masses (𝑚�푆2

, 𝑚�푆3
) ≫ 𝑚�푆1

have been neglected. The spread in the curve reflects uncertainty
in the virtuality momentum 𝑝 = 120 − 190 MeV. For comparison,
the standard prediction with NH and IH pattern of light neutrino
mass hierarchies is shown by the two respective horizontal lines.The
bottommost thick red horizontal line closest to theX-axis represents
overlapping experimental bounds from different groups [78–82].
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Figure 9: Same as Figure 8 but with contributions of IH type light
neutrinos combined with lightest sterile neutrinos.

Predicted lifetimes are seen to decrease with increasing
sterile neutrino mass. The sterile neutrino exchange contri-
bution completely dominates over light neutrino exchange
contributions for 𝑚�푆1

= 1.3 − 7 GeV in case of IH but for𝑚�푆1
= 1.5−20GeV in case ofNH.At𝑚�푆1

≃ 1.5𝐺𝑒𝑉 both types
of solutions saturate the current laboratory limits reached by
different experimental groups.

8. Summary, Discussion, and Conclusion

A recently proposed scalar extension of minimal non-SUSY
SU(5) GUT has been found to realize precision gauge
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coupling unification, high scale type-II seesaw ansatz for
neutrino masses, and prediction of a WIMP scalar DM
candidate that also completes vacuum stability of the scalar
potential. But the LFV decays are predicted to have negligible
rates inaccessible to ongoing searches in foreseeable future.
Likewise experimentally verifiable double beta decay rates
measurable by different search experiments are possible
only for quasidegenerate neutrino mass spectrum with large
common mass scale |𝑚0| > 0.2 eV or ∑�푖 𝑚�푖 > 0.6 eV. This
violates the recently measured cosmological bound ∑�푖 𝑚�푖 ≤0.23 eV. In order to remove these theoretical shortcomings
in the context of SU(5), we have extended this model by
the addition of three RH]s, three extra Majorana fermion
singlets 𝑆�푖 (𝑖 = 1, 2, 3), and a scalar singlet 𝜒�푆(1, 0, 1) that
generates 𝑁 − 𝑆 mixing mass term through its vacuum
expectation value. In the original theory of type-I seesaw
cancellation mechanism, although the choice of particles
is the same as 𝑁�푖, 𝑆�푖, and 𝜒�푆(1, 0, 1), the neutrino mass is
given by double seesaw [119]. Further, there is no grand
unification of gauge couplings or prediction of proton decay
in this model [119], and the scalar potential of the model has
vacuum instability. In addition the 𝑁�푖 are not gauged. The
model does not predict dominant contributions to double
beta decay for NH or IH type neutrino masses. In non-SUSY
SO(10) models of unification of three forces implementing
the cancellation of type-I seesaw [84, 120, 124], the TeV
scale RH neutrinos are gauged but the neutrino masses are
controlled by inverse seesaw. But in [13, 125] the RH]s are
gauged and the neutrino mass formula is linear seesaw or
type-II seesaw [13]. In all type-II seesaw dominated SO(10)
models, the RH] masses have the same hierarchy as the
left-handed neutrino masses: 𝑀�푁1

: 𝑀�푁2
: 𝑀�푁3

~ 𝑚1 :𝑚2 : 𝑚3. This happens precisely because the left-handed
and the right-handed dilepton Yukawa interactions originate
from the same SO(10) invariant term: 𝑓16�퐹16�퐹126†. In
SU(5), however, as the LH triplet Δ �퐿(3, −1, 1) generating
type-II seesaw and the singlet 𝜎�푆(1, 0, 1) generating RH]s
belong to different scalar representations, 15�퐻 ⊂ 𝑆𝑈(5) and
1�퐻 ⊂ 𝑆𝑈(5), respectively, they can possess differentMajorana
couplings in their respective Yukawa interactions:𝑓𝑙𝑙Δ �퐿

�퐶 and𝑓�푁𝜎�푆𝑁𝑁. Because of this reason the generated RH] masses
through 𝑀�푁 = 𝑓�푁⟨𝜎�푠⟩ no longer follows the predicted type-
II seesaw predicted hierarchical pattern. Then the allowed
fine-tuning |𝑓�푁| << |𝑓| permits RH neutrino mass scale𝑀�푁 ∼ O(1 − 10) TeV even though, unlike SO(10) models,
there are no possibilities of low mass 𝑊�푅 or 𝑍�耠 bosons at
this scale.The apprehension of unacceptably large active neu-
trino mass generation through type-I seesaw mechanism is
rendered inoperative through the well-established procedure
of cancellation mechanism that is also shown to operate
profoundly in this SU(5) model. Such RH]s generating 𝑁 − 𝑆
mixing mass 𝑀 ≃ O(100 − 1000) GeV now reproduce the
well-known results on LFV decay branching ratios only 4 −5 orders lower than the current experimental limit as well
as the extensively investigated nonunitarity effects. Through
the sterile neutrino canonical seesaw formula emerging from
this cancellation mechanism (in the presence of 𝑁�푖), 𝑚�푆 =−𝑀(1/𝑀�푁)𝑀�푇, this mechanism predicts their masses over a

wide range of values, 𝑚�푠1
= O(1 − 100) GeV and 𝑚�푠2

, 𝑚�푠3
∼

O(10 − 1000) GeV.The lightest sterile neutrino mass 𝑚�푠1
now

predicts dominant double beta decay in the 𝑊�퐿 − 𝑊�퐿 channel
through the ] − 𝑆 mixing close to the current experimental
limits even though the light neutrino masses are of NH or IH
type (𝑚�푖 << |0.2| eV) which satisfy the cosmological bound.
For larger values of 𝑚�푆1

the predicted decay rate decreases
and the sterile neutrino contribution becomes negligible for𝑚�푠𝑖

>> 50 GeV. In the limiting case when all the singlet
fermion masses have such large values, the double beta decay
rates asymptotically approach the respective standard NH or
IH type contributions. The new mechanism of RH] mass
generation also allows the second and the third generation
sterile neutrinomasses to be quasidegenerate (QD)near 1−10
TeV scale while keeping 𝑚�푆1

∼ 1 − 10 GeV suitable for
dominant double beta decay mediation. There is a possibility
that such TeV scale QDmasses while maintaining observable
predictions on LFV decays can effectively generate baryon
asymmetry of the universe via resonant leptogenesis [125]. A
scalar singlet DM can be easily accommodated as discussed
in [126, 165, 166] while resolving the issue of vacuum stability.
Irrespective of scalar DM, themodel can also accommodate a
Majorana fermion singlet darkmatter [167]which can emerge
from the additional fermionic representation 24�퐹 ⊂ 𝑆𝑈(5).

The prediction of new fermions has an additional advan-
tage over scalars as these masses are protected by leptonic
global symmetries [168]. Also the prediction of such Majo-
rana type sterile neutrinos can be tested by high energy and
high luminosity accelerators through their like-sign dilepton
production processes [169]. For example, at LHC they can
mediate the process 𝑝𝑝 → 𝑊�퐿𝑋 → 𝑙±𝑙±𝑗𝑗𝑋 where the jets
could be manifested as mesons. It would be quite interesting
to examine emergence of such SU(5) theory as a remnant of
SO(10) or 𝐸6 GUTs.

We conclude that even in the presence of SM as effective
gauge theory descending from a suitable SU(5) extension, it
is possible to predict experimentally accessible double beta
decay rates in the𝑊�퐿−𝑊�퐿 channel satisfying the cosmological
bound on active neutrino masses as well as verifiable LFV
decays. The RH] masses can be considerably different from
those constrained by conventional type-I or type-II seesaw
frameworks which are instrumental in predicting interesting
physical phenomena even if there are no nonstandard heavy
gauge bosons anywhere below the GUT scale.

Appendix

A. Diagonalization, Masses, and Mixings

The purpose of this Appendix is to provide certain details
of mixings among the fermions ], 𝑆, and 𝑁 and also derive
their masses by block diagonalization of the resulting 9 × 9
neutral fermionmass matrix discussed in Section 3.We write
the complete 9×9 mass matrix in the flavor basis {]�퐿, 𝑆�퐿, 𝑁�퐶

�푅 }
after the effect of Δ �퐿 is integrated out

M] = (𝑚(�퐼�퐼) 0 𝑀�퐷0 0 𝑀�푇𝑀�푇
�퐷 𝑀 𝑀�푁

) (A.1)
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where the type-II seesaw contribution has been noted as𝑚(�퐼�퐼) = 𝑓V�퐿. The flavor basis to mass basis transformation
and diagonalization ofM] is achieved by a unitary transfor-
mation matrixV defined below𝜓⟩�푓 = V

𝜓⟩�푚 (A.2)

or, ( ]�훼𝑆�훽𝑁�퐶
�훾

) = (V]]
�훼�푖 V]�푆

�훼�푗 V]�푁
�훼�푘

V�푆]
�훽�푖 V�푆�푆

�훽�푗 V�푆�푁
�훽�푘

V�푁]
�훾�푖 V�푁�푆

�훾�푗 V�푁�푁
�훾�푘

) ( ]̂�푖𝑆�푗�̂��푘

) (A.3)

and V
†
M]V

∗ = M̂] = diag (�̂�]𝑖 ; �̂�S𝑗
; �̂�N𝑘

) (A.4)

where subscripts 𝑓, 𝑚 denote the flavor and mass basis,
respectively. Also M] is the mass matrix in flavor basis with𝛼, 𝛽, 𝛾 running over three generations of light neutrinos,
sterile neutrinos, and right-handed heavy-neutrinos. Here
M̂] is the diagonal mass matrix with (𝑖, 𝑗, 𝑘 = 1, 2, 3) running
over corresponding mass states at the sub-eV, GeV, and TeV
scales, respectively.

The method of complete diagonalization will be carried
out in two steps: (1) the full neutrino mass matrix M] has
to be reduced to a block diagonalized form as MBD; (2) this
block diagonal form is further diagonalized to give physical
masses of the neutral leptons M̂].

(1) Determination of MBD. We shall follow the parametrisa-
tion of the type given in [32] to determine the form of the
diagonalizing matricesW1 andW2. We define their product
as

W = W1W2 (A.5)

whereW1 andW2 satisfy

W
†
1M]W

∗
1 = M̂BD,

and W
†
2M̂BDW

∗
2 = MBD

(A.6)

whereM̂BD andMBD are the intermediate block diagonal and
full block diagonal mass matrices, respectively.

M̂BD = (M�푒�푓�푓 00 𝑚N

) (A.7)

and MBD = (𝑚] 0 00 𝑚S 00 0 𝑚N

) (A.8)

(2) Determination of W1. We need to first integrate out the
heavy state (𝑁�푅), being heavier than other mass scales in our
theory, such that up to the leading order approximation the
analytic expression forW1 is

W1 = (1 − 12𝐵∗𝐵�푇 𝐵∗−𝐵�푇 1 − 12𝐵�푇𝐵∗
) , (A.9)

where the matrix 𝐵 is 6 × 3 dimensional and is described as𝐵† = 𝑀−1
�푁 (𝑀�푇

�퐷, 𝑀�푇) = (𝑍�푇, 𝑌�푇) (A.10)

where 𝑋 = 𝑀�퐷𝑀−1, 𝑌 = 𝑀𝑀�푁
−1, and 𝑍 = 𝑀�퐷𝑀−1

�푁 so that𝑍 = 𝑋 ⋅ 𝑌 ̸= 𝑌 ⋅ 𝑋.
Therefore, the transformation matrix W1 can be written

purely in terms of dimensionless parameters 𝑌 and 𝑍
W1

= (1 − 12𝑍𝑍† −12𝑍𝑌† 𝑍−12𝑌𝑍† 1 − 12𝑌𝑌† 𝑌−𝑍† −𝑌† 1 − 12 (𝑍†𝑍 + 𝑌†𝑌)) (A.11)

while the light and heavy states can be nowwritten as follows.

M�푒�푓�푓 = − (𝑀�퐷𝑀−1
�푁 𝑀�푇

�퐷 𝑀�퐷𝑀−1
�푁 𝑀�푇𝑀𝑀−1

�푁 𝑀�푇
�퐷 𝑀𝑀−1

�푁 𝑀�푇
) (A.12)𝑚N = 𝑀�푁 + ⋅ ⋅ ⋅ (A.13)

Determination of W2. From the above discussion, it is quite
clear now that the eigenstates N�푖 are eventually decoupled
from others and the remaining mass matrix M�푒�푓�푓 can be
block diagonalized using another transformation matrix

S
†
MeffS

∗ = (𝑚] 00 𝑚S

) (A.14)

such that

W2 = (S 00 1) . (A.15)

In a simplified structure,

M�푒�푓�푓 = (𝑚�퐼�퐼
] + 𝑀�퐷𝑍�푇 𝑀�퐷𝑌�푇𝑌𝑀�푇

�퐷 𝑀𝑌�푇
) . (A.16)

Under the assumption at the beginning𝑍 << 𝑌 and of course𝑀�퐷 << 𝑀, this structure is similar to type-(I+II) seesaw.
Therefore we immediately get the light neutrino masses as
follows.𝑚] = −𝑀�퐷𝑍�푇 + 𝑚�퐼�퐼

] + 𝑀�퐷𝑌�푇 (𝑀𝑌�푇)−1 𝑌𝑀�푇= −𝑀�퐷𝑍�푇 + 𝑀�퐷𝑍�푇 + 𝑚�퐼�퐼
] = 𝑚�퐼�퐼

]

(A.17)

𝑚S = −𝑀𝑀−1
�푁 𝑀�푇 (A.18)

We see that in addition to𝑚N, the𝑚S is also almost diagonal
if𝑀 and𝑀�푁 are assumed to be diagonal.The transformation
matrix 𝑆 is

𝑆 = (1 − 12𝐴∗𝐴�푇 𝐴∗−𝐴�푇 1 − 12𝐴�푇𝐴∗
) (A.19)
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such that𝐴† = (𝑀𝑌�푇)−1 𝑌𝑀�푇
�퐷 ≃ (𝑀𝑌�푇)−1 𝑌𝑀�푇

�퐷 = 𝑋�푇. (A.20)

The 3 × 3 block diagonal mixing matrixW2 has the following
form.

W2 = (𝑆 0
0 1

) = (1 − 12𝑋𝑋† 𝑋 0−𝑋† 1 − 12𝑋†𝑋 00 0 1) (A.21)

A.1. Physical NeutrinoMasses from Complete Diagonalization.
The block diagonal matrices 𝑚], 𝑚S, and 𝑚N can further be
diagonalized to give physical masses for all neutral leptons by
a unitary matrixU as

U = (𝑈] 0 00 𝑈�푆 00 0 𝑈�푁

) . (A.22)

Here the unitary matrices 𝑈], 𝑈�푆, and 𝑈�푁 satisfy the follow-
ing. 𝑈†

]𝑚]𝑈∗
] = �̂�] = diag (𝑚]1 , 𝑚]2 , 𝑚]3) ,𝑈†

�푆𝑚S𝑈∗
�푆 = �̂��푆 = diag (𝑚�푆1

, 𝑚�푆2
, 𝑚�푆3

) ,𝑈†
�푁𝑚N𝑈∗

�푁 = �̂��푁 = diag (𝑚�푁1
, 𝑚�푁2

, 𝑚�푁3
) (A.23)

With this discussion, the complete mixing matrix is as
follows.

V = W ⋅ U = W1 ⋅ W2 ⋅ U
= ( 1 − 12𝑍𝑍† −12𝑍𝑌† 𝑍−12𝑌𝑍† 1 − 12𝑌𝑌† 𝑌−𝑍† −𝑌† 1 − 12 (𝑍†𝑍 + 𝑌†𝑌) ) ( 1 − 12𝑋𝑋† 𝑋 0−𝑋† 1 − 12𝑋†𝑋 00 0 1 ) (𝑈] 0 00 𝑈�푆 00 0 𝑈�푁

)
= (1 − 12𝑋𝑋† 𝑋 − 12𝑍𝑌† 𝑍−𝑋† 1 − 12 (𝑋†𝑋 + 𝑌𝑌†) 𝑌 − 12𝑋†𝑍0 −𝑌† 1 − 12𝑌†𝑌 ) ⋅ (𝑈] 0 00 𝑈�푆 00 0 𝑈�푁

)
(A.24)

It is straightforward to verify that the matrix product of the
right-hand side of (A.24) agrees with (18) of Section 3.
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scales in the nonsupersymmetric SO(10) grand unification: A
reappraisal,”Physical ReviewD: Particles, Fields, Gravitation and
Cosmology, vol. 80, no. 1, Article ID 015013, 2009.

[70] S. K.Majee,M. K. Parida, A. Raychaudhuri, andU. Sarkar, “Low
intermediate scales for leptogenesis in supersymmetric SO(10)
grand unified theories,” Physical Review D: Particles, Fields,
Gravitation and Cosmology, vol. 75, no. 7, Article ID 075003,
2007.

[71] J. Chakraborty, S. K. Patra, and S. Mohanty, “Roadmap of left-
right models based on GUTs,” Physics Review D, vol. 97, no. 9,
Article ID 095010, 2018.

[72] M. K. Parida and A. Raychaudhuri, “Low-mass parity restora-
tion, weak-interaction phenomenology, and grand unification,”
Physical Review D: Particles, Fields, Gravitation and Cosmology,
vol. 26, no. 9, pp. 2364–2377, 1982.

[73] M. Reig, J. W. Valle, C. Vaquera-Araujo, and F. Wilczek, “A
model of comprehensive unification,” Physics Letters B, vol. 774,
pp. 667–670, 2017.

[74] S. Fukuyama and T. Yanagida, “Barygenesis without grand
unification,” Physics Letters B, vol. 174, no. 1, pp. 45–47, 1986.

[75] T.Hambye, E.Ma, andU. Sarkar, “Supersymmetric triplet Higgs
model of neutrino masses and leptogenesis,” Nuclear Physics B,
vol. 602, no. 1-2, pp. 23–38, 2001.
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In this work, we simulate 𝛾-rays created in the hadronic jets of the compact object in binary stellar systems known as microquasars.
We utilize as the main computational tool the 3D relativistic magnetohydrodynamical code PLUTO combined with in-house
derived codes. Our simulated experiments refer to the SS433 X-ray binary, a stellar system in which hadronic jets have been
observed. We examine two new model configurations that employ hadron-based emission mechanisms. The simulations aim to
explore the dependence of the 𝛾-ray emissions on the dynamical as well as the radiative properties of the jet (hydrodynamic
parameters of the mass-flow density, gas-pressure, temperature of the ejected matter, high energy proton population inside the
jet plasma, etc.).The results of the two new scenarios of initial conditions for the microquasar stellar system studied are compared
to those of previously considered scenarios.

1. Introduction

The emissions of 𝛾-rays, neutrinos, etc. within the jets
of microquasars (MQs) have recently gained great interest
among researchers seeking to understand the structure prop-
erties and evolution of X-ray binary systems [1–3].

Special interests appeared on the 𝛾-ray emission mecha-
nisms inside the hadronic jets, as the photon-hadron interac-
tions [4, 5] and the hadron-hadron interactions [6, 7] as well
as the 𝛾-ray absorption that help to deepen our knowledge on
microquasars evolution [8].

On the other hand, the strong magnetic field in the jets
may significantly affect the total internal 𝛾-ray and neutrino
emissions by tuning several processes determining the high
energy proton population (synchrotron radio emission, etc.).
Therefore, magnetic field effects should be appropriately
incorporated and treated in jet models [9, 10].

Recently, neutrinos from galactic microquasars, even
though not being detected so far, have been modelled and
several simulations have been performed towards this aim.
Such modelling may support future attempts to detect them
(see, e.g., [7, 11]).

Invariably, the jets of microquasars as well as in gen-
eral the astrophysical jets may be described as fluid flow
emanating from the vicinity of the compact object. Such a
microquasar system is the SS433 X-ray binary consisted of a
donor (companion) star and a compact stellar object which
emits relativistic jets in various wavelength bands. Currently
it is the only microquasar observed with a definite hadronic
content in its jets, as verified from observations of spectral
lines [1, 2, 9].

Radiative transfer calculations may be performed at every
point in the jet (for a range of frequencies/energies, at
every location) [12], providing the relevant emission and
absorption coefficients. In such cases, finally a line of sight
integration may derive synthetic images of jet 𝛾-ray emission,
at the energy-window of interest [12, 13].

The relativistic treatment of jets takes into account various
energy loss mechanisms that occur through several hadronic
processes [4–7]. In the known fluid approximation, macro-
scopically the jet matter behaves as a fluid collimated by
the magnetic field. At a smaller scale, consideration of the
kinematics of the jet plasma becomes necessary for treating
shock acceleration effects.
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Many authors consider that the proton-proton (p-p)
collisions between fast high energy protons (nonthermal
protons) and bulk-flow slow (thermal) protons constitute
the dominant cooling process of the high energy proton
population of the jet. This mechanism explains the main part
of the 𝛾-rays and neutrinos produced in the binary SS433
system. The acceleration of thermal protons (diffusive first-
order shock acceleration) occurs above aminimum threshold
proton energy [7].

Assuming a Maxwellian energy distribution for the
“slow” protons, only a tiny portion of the total bulk proton
jet flow, i.e., the fastest of them, may undergo diffusive shock
acceleration and may jump to the fast proton population.
Hence, the fast protons constitute a small fraction of the
total jet proton density which subsequently produce 𝛾-rays,
neutrinos, etc. In this work, we assume that this is the
dominant mechanism generating high energy 𝛾-rays in the
SS433 microquasar jets.

For the sake of completeness, we mention that another
rather important mechanism has been suggested based on
the hadronic interactions occurring within the jet-wind
interaction zone [7]. In this scenario, the 𝛾-rays are generated
from the decay of neutral pions, as 𝜋0 → 𝛾 + 𝛾. Pions are
created via inelastic collisions of jet protons, ejected from the
compact object, and ions of the stellar wind (such a process
may also occur in the vicinity of the extended disk of the
binary system) [6]. The latter emission mechanism is rather
weak in SS433 [7].

So far microquasar 𝛾-ray emissions have been observed
through Cherenkov telescopes (HESS, MAGIC, and CTA)
and orbital telescopes (INTEGRAL, Fermi) [15–20]. We also
mention that, for low energy 𝛾-rays, ongoing and future or
next generation measurements with INTEGRAL (ESA satel-
lite) and Fermi (NASA orbital telescope) may provide new
data. Furthermore, very high energy 𝛾-rays, in general above
about 30GeV, can be studied with ground-based Cherenkov
telescopes [21].

Phenomenologically, estimations of high energy 𝛾-ray
emission fromMQs have extensively been carried out [9, 12].
In this work, using the 3D relativistic hydrocode PLUTO
[22] and some in-house (mainly radiative transfer) code (now
written both in Mathematica and in C) [23–25], we model
𝛾-ray emissions from hadronic microquasar jets in the 𝐸𝛾-
energy range 1.2 GeV ≤ 𝐸𝛾 ≤ 102 − 103 TeV.

The emission/absorption coefficients are computed on
the basis of Monte Carlo simulations of terrestrial particle-
particle collision experimental data [12, 26, 27] that describe
𝛾-ray emission in MQs. Such simulations provide analytical
parametrization for emission and absorption coefficients in
a wide range of 𝛾-ray energies (frequencies) produced in
microquasar jets [12, 28].

Furthermore, by exploiting the hydrodynamic variable
values supplied by PLUTO, our line of sight codemay provide
emission/absorption coefficients for every location in the jet.
The results produced this way depend on the initial high
energy proton distribution inserted in the hydrodynamical
model jet [12, 29].

In the rest of the paper, at first (Section 2) the main
MQs emissions mechanisms are briefly summarized. Then
(Section 2.4), the radiative transfer method and the calcu-
lational procedure for obtaining gamma-ray emission are
briefly described. The results of the 3D relativistic hydrocode
PLUTO for the emission/absorption coefficients are pre-
sented in Section 4. Finally (Section 5), the main conclusions
extracted in this work are summarized.

2. Outline of MQ Jet Emission Mechanisms

The SS433 microquasar, an eclipsing X-ray binary system
with a compact object most likely a black hole, comprises two
oppositely directed precessing hadronic jets. The spectrum of
the companion (donor) star suggests that it is rather a late
A-type MQ. In modelling 𝛾-ray emission from SS433 in our
presentwork, we assume that they are createdmainly through
p-p interactions between fast (relativistic) and slow (cold)
protons within its hadronic jets.

Other production mechanisms, though not excluded,
are considered less important. For example, some authors
considered that the high energy 𝛾-rays in hadronic MQ jets,
are produced from p-p collisions taking place in the jets due
to the interaction of relativistic protons with target protons
of the rather weak stellar wind created in the companion star
[6].

The main reaction chain that produces 𝛾-rays starting
from p-p interaction through the pion decay channel is
written as

𝑝 + 𝑝 → 𝑝 + 𝑝 + 𝜋0 → 𝑝 + 𝑝 + 2𝛾 (1)

(𝑚𝑝 = 1.67 × 10−24 g and 𝑚𝜋 = 2.38 × 10−25 g). References
[6, 7, 26] present an analytical description of the evolution
of reaction chain within the jet. Here we assume that a
very energetic but small proton population, 𝑁𝑓𝑝 (formed due
to shock fronts in the jet), interacts with the bulk-flow jet
protons.

From the latter protons, high energy protons are pro-
duced through first-order Fermi acceleration that occurs at
shocks within the jet [7]. Such shocks are considered rather
homogeneously distributed throughout the jet. The jet matter
density is closely related to the density of the aforementioned
shocks; thus, the internal shocks convert a portion of the
bulk kinetic energy of cold protons, K, to the fast protons
energy 𝐸𝑝 of the multidirectional motion. The rate, 𝑡−1𝑎𝑐𝑐, at
which some slow protons are transferred to the high energy
distribution is described in [1] by

𝑟 = 𝑡−1𝑎𝑐𝑐 = 𝐸−1𝑑𝐸𝑑𝑡 ≃ 𝛽2 𝑐𝑒𝐵𝐸𝑝 , (2)

where 𝑒 denotes the proton charge, 𝛽 = 𝑢𝑗𝑒𝑡/𝑐 with 𝑢𝑗𝑒𝑡 being
the jet matter’s local velocity, and 𝐵 denotes the magnetic
field.

Concerning the magnetic field 𝐵, we assume that this is
either constant or it decreases with the distance from the jet
base as 𝐵 ∼ 𝑧−1 [30, 31]. We stress that such a variation leads
to a decrease of proton acceleration not more than two orders
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Table 1: ScenarioC (run 3) has artificially accelerated precession,while scenarioD (run 4) has all the densities of the system increased by a few
orders of magnitude, in order to account for a higher jet-mass flow-rate (jet’s kinetic luminosity).The parameter 𝑛 refers to a “normalization”
process that equates the results of two different methods of 𝛾-ray emission calculations, one applied for energies above 𝐸𝛾=100 GeV and the
other below this limit.

Parameter/Scenario C (run3) D (run4) Comments
cell size (×1010𝑐𝑚) 0.40 0.40 PLUTO’s computational cell
𝜌𝑗𝑒𝑡 (cm−3) 1.0 × 1011 1.0 × 1014 jet’s matter density
𝜌𝑠𝑤 (cm−3) 1.0 × 1011 1.0 × 1012 stellar wind density
𝜌𝑎𝑑𝑤 (𝑐𝑚−3) 1.0 × 1011 1.0 × 1013 accretion disk wind density
𝑡𝑚𝑎𝑥𝑟𝑢𝑛 (s) 1.5 × 103 1.5 × 103 model execution time
Method P. L. P. L. Piecewise Linear
Integrator Ch. Tr. Ch. Tr. Characteristic Tracing
EOS Ideal Ideal Equation of state
𝑛 0.1005 0.1005 𝐸𝛾 = 100 GeV normalisation
BinSep (cm) 4.0 × 1012 4.0 × 1012 Binary star separation
𝑀𝐵𝐻/𝑀⊙ 3-10 3-10 Mass range of collapsed star
𝑀⋆/𝑀⊙ 10-30 10-30 Mass range of Main Seq. star
𝛽 = V0/𝑐 0.26 0.26 Initial jet speed
𝐿𝑝𝑘 1036 1039 Jet kinetic luminosity
grid resolution 300 ∗ 500 ∗ 300 300 ∗ 500 ∗ 300 PLUTO grid resolution (xyz)

of magnitude compared to its value around the jet’s base 𝑧 =
𝑧0. We further stress that the acceleration rate of fast protons,
𝑟 = 𝑡−1𝑎𝑐𝑐, depends on the magnetic field 𝐵 as indicated in (2).

Alternatively, (2) gives the production rate of fast protons
at every “location” in the jet, though the production of 𝛾-rays
from these fast protons occurs at a next stage (by “location”
we mean a hydrodynamical grid-cell which, microscopically,
is very large); of the order of 1010 cm [7]. We note that
the presence of 𝛽2 in (2) cuts off 𝛾-ray emission from slow-
moving matter into the jet (acceleration sites are much less in
slow matter).

Moreover, in jet emission calculations the 𝛽2 is incorpo-
rated into the jet density. Also, the proton acceleration rate
cannot affect the 𝛾-ray emission rate, unless 𝛽 drops below
some value. As we will see below, in this work, instead of the
proton density 𝜌, we also use the product of jet matter density
times the velocity squared 𝜌𝑢2 [7, 13].

Regarding the particles ejected from a hadronic jet, we
consider that they are mostly slow (thermal) protons of
density 𝑛𝑠𝑝 and a small portion of fast (nonthermal) protons
of density 𝑛𝑓𝑝. The energy distribution of the fast protons in
the jet’s frame (see below) is described by [7, 13]

𝑛𝑓𝑝 (𝐸) = 𝐾0 (𝐸)−𝛼 (3)

(𝐸 ≡ 𝐸𝑓𝑝) which is a power law type distribution. The pa-
rameter 𝛼 takes the value 𝛼 = 2 and 𝐾0 denotes a normal-
ization constant [13].

In Table 1, we tabulate the values of some model jet
parameters (together with explanation of their symbols)
relevant to 𝛾-ray emissions from the SS433 binary system
(The scenarios C and D are described below).

2.1. Flux in Observation and Jet’s Frame. In our 𝛾-ray flux
calculations, we denote the flux density of the fast (slow)

proton populations as 𝐽𝑓𝑝 (𝐽𝑠𝑝), in the observation frame, and
as 𝐽𝑓𝑝 (𝐽𝑠𝑝), in the jet’s frame. Moreover, at a given jet point,
in the jet (moving) frame, the fast protons energy-spectrum
is described by (3). For the corresponding fast protons spatial
density we adopt the relation

𝑛𝑓𝑝 (𝐸) ∝ 𝑤𝑑𝑁
𝑓𝑝

𝑑𝐸 = 𝑤𝐾0 (𝐸)−𝛼 (4)

where

𝑤 = 𝑛𝑠𝑝𝛽2 (5)

(𝛽 ≡ 𝑢/𝑐, with 𝑢 = |u| being the magnitude of the total
velocity vector) where n𝑠𝑝 is in protons/cm3 [29]. From (5)
one can conclude that the emission from the fast-moving
matter of the jet is larger compared to the emission from slow-
moving matter which is because in (2), 𝑡𝑎𝑐𝑐 is proportional
to 𝛽2 and creates fast proton jet density which subsequently
allows for p-p collisions to occur and for 𝛾-rays to be
produced. [6].

2.2. The Model of Jet’s Dynamics. The jet is assumed to travel
along the 𝑦 axis (we consider particles of mass𝑚𝑝). Then, for
the flux densities, we can write (steady state)

𝐽𝑠𝑝 = 𝑚𝑝𝑤 = 𝑚𝑝𝑛𝑠𝑝𝛽2 (6)

In general,𝑢 is not necessarily parallel to the𝑦-axis, but itmay
point almost anywhere which in turn means that emission
may occur from jet matter moving in any direction. Fur-
thermore, the emission mechanism is based on “randomly
oriented turbulent shocks”, so the emission is considered
multidirectional (no secondary emissions from scattering are
assumed, since more shocks exist wherever the jet matter
moves faster).
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In our simulations, large turbulences of the jet flow may
appear which favor shocks existence. This is due to the
assumed strong dependence on the local velocity of the jet
or ambient matter (acceleration rate is proportional to 𝑢2 and
further 𝐽 = 𝜌𝑢2). Here, instead of the simple 𝜌 dependence,
we adopt, in addition, the 𝜌𝑢2 dependence to distinguish
the moving matter of the jet from that of the surrounding
medium. This way, the calculation of 𝛾-rays and neutrino
emissions from the jet are decoupled from the influence of
the surrounding matter. Then, the jet’s contribution to high
energy 𝛾-ray emission is mostly dependent on its internal
turbulence (turbulence here means spatial number density of
proton accelerating shocks randomly oriented) [7].

From the above discussion, we note in short that the
proton acceleration efficiency of the model jet is proportional
to the square of the local velocity of the flow (the fast proton
density is considered proportional to the square of the local
velocity). Thus, the fast protons spatial density, 𝑛𝑓𝑝, is also
taken as proportional to the slow protons spatial density, n𝑠𝑝
as well as to the square of the local velocity.

Furthermore, for hydrodynamical jets [12, 13] the fast
proton current density, 𝐽𝑓𝑝(𝐸), as a function of their energy,
is given by

𝐽𝑓𝑝 (𝐸) = 𝑐
4𝜋𝐾1𝑛𝑗𝛽2𝑗 (𝐸)

−𝛼
(7)

In the latter expression, 𝑛𝑗 denotes the slow bulk jet protons
local density hydrodynamical model (PLUTO code) [12].

2.3. The Current Density in the Observer’s Frame. Regarding
the transformation, to the observer frame, we write [32]

𝐽𝑓𝑝 (𝐸𝑝, 𝑡) = 𝑐
4𝜋𝐾1𝑛𝑠𝑝𝛽2𝐹. (8)

𝐹 represents a function of stationary frame energy 𝐸𝑝 written
as

𝐹 =
𝛾−𝛼+1 (𝐸𝑝 − 𝛽𝑏√𝐸2𝑝 − 𝑚2

𝑝𝑐4 cos 𝑖𝑗)
−𝛼

[sin 𝑖𝑗2 + 𝛾2 (cos 𝑖𝑗 − (𝛽𝑏𝐸𝑝) /√𝐸2𝑝 − 𝑚2
𝑝𝑐4)

2]
1/2 (9)

In the latter equation, 𝑖𝑗(𝑡) denotes the angle between the jet
axis and the line of sight (for SS433 microquasar 𝛽𝑏 = V𝑏/𝑐 =
0.26), and

𝛾 = [1 − 𝛽2𝑏]
−1/2 (10)

is the jet Lorentz factor.
Thus, 𝐹 provides the relation of J𝑓𝑝 (for laboratory

frame) that depends on the 𝛾-ray energy 𝐸𝛾 as measured
in laboratory frame (see (7)). In conclusion, one can work
with laboratory frame quantities only, which are also the jet
model quantities (for other symbols the reader is referred to
[12, 13, 28, 29]

2.4. The 3D Radiative Transfer in Time-Dependent Jet. The
propagation of 𝛾-rays along a one-dimensional line of sight
(without scattering) we address here is based on the relation

𝑑𝐼]
𝑑𝑙 = −𝐼]𝜅] + 𝜖] (11)

where 𝜅] is the absorption coefficient at a given frequency
(energy) ] and 𝜖] is the relevant emission coefficient. 𝐼
denotes the intensity and 𝑙 is the length along the line of sight.

By considering the model jet artificially imaged in 𝛾-rays,
we calculate the emission from a small jet element corre-
sponding to a computational cell (for simulated emissions).
To this aim, we first define the quantity

𝑑𝐼𝛾 = 𝐽𝛾𝑑𝑉 = 𝜌𝑑𝑉𝑑𝑁𝛾

𝑑𝐸𝛾 = 𝑑𝑚𝑐𝑒𝑙𝑙

𝑑𝑁𝛾

𝑑𝐸𝛾 (12)

to represent the intensity created from a cell of volume 𝑑𝑉,
at a given frequency, or 𝛾-ray energy 𝐸𝛾, while 𝜌 is the
hydrodensity of the cell (𝜌 = 𝑚𝑝𝑛𝑠𝑝) and 𝑑𝑁𝛾 stands for
the emission coefficient of the cell at the same frequency. An
alternative version of the above quantity is

𝑑𝐼𝛾 = 𝜌𝑑𝑉𝑑𝑁𝛾

𝑑𝐸𝛾 𝑢
2, (13)

where 𝑢 is the local jet matter velocity.

3. Use of PLUTO Code for Gamma-Ray
Emission Calculations

Our calculation of the emission coefficient 𝑑𝑁𝛾 proceeds
directly starting from the hydrodynamical properties of
the model jet (supplied by a check point of the PLUTO
code). These quantities enter the calculation of the emission
coefficients, 𝜖], at every computational cell of the 3D hydro-
dynamical model grid.

We mention that the production of synthetic images
from the data is carried out by using the line of sight code
constructed in [12] (here, instead of the radio emission and
absorption coefficients we require their 𝛾-ray equivalents, 𝜖]
and 𝑘]; in the case of neutrino production we need only
emission coefficients).

In using the hydrodynamical code, PLUTO, the energy𝐸𝛾
(inGeV) refers to the observed 𝛾-ray energy.The quantity 𝑛𝑠𝑝 ,
i.e., the bulk-flow slow jet proton number density of ejected
particles, is the dynamically important. This number density
is taken to represent the hydrodynamic number density of the
PLUTO code, namely,

𝑛𝑠𝑝 = 𝑛𝑗(𝑃L𝑈𝑇𝑂) (14)

The fast proton density, 𝑛𝑓𝑝, though not-important dynam-
ically, is radiatively important. For SS433, in the fast proton
power law energy distribution, the index 𝛼 takes the value
𝛼 = 2, and the ratio of the initial jet beam speed 𝑢𝑏 divided
by the speed of light is 𝑢𝑏/𝑐 = 𝛽𝑏 = 0.26 [13].

In the hydrodynamic (HD) simulations with PLUTO
code, as we have done previously [12, 13], the magnetic field
lines are assumed to follow the matter flow. Their tangling
with the jet material makes applicable the fluid approxima-
tion within the jet [33]. In this case, the magnetic field could
not affect the flow dynamics which is however possible in the
magnetohydrodynamic (MHD) treatment of PLUTO. In the
relativistic hydrodynamical version of PLUTO, the magnetic



Advances in High Energy Physics 5

field within the jet’s medium is assumed rather strong so
as the coupling effects permit the fluid approximation to be
applicable. At the same time, the dynamical effects of the
magnetic field on the relativistic flow are not permitted [33].

We mention that, in modelling the microquasar SS433
system with PLUTO, only one of the twin jets is considered.
The counterjet is presumed to exist outside the model
space (at the bottom of 𝑥 − 𝑧 plane), but its interference
with our model system is considered very small [34]. The
computational grid is 3D Cartesian (𝑥, 𝑦, 𝑧), homogeneous
and the boundary conditions are adopted to be reflective at
the jet’s base (𝑥 − 𝑧 plane) and outflow at all other planes of
the computational domain (box).

The grid spans 120 × 200 × 120 (for x, y, z, respectively),
in model length units (equal to 1010cm) and the resolution
used is 300 × 500 × 300 (for x, y, z, respectively. The jet
emanates from the middle of the 𝑥−𝑧 plane, at the point (60,
0, 60)×1010cm and then advances while precessing around
the (60, y, 60) line (parallel to the y-axis).Theprecession angle
for the SS433 jet used (𝛿 = 0.2 radians), is slightly smaller
than the value of 21 degrees of [34], in order to allow the use
of finer resolution.

The centre of the companion star is supposed to be
outside of the box, at the point (400, 0, 400) while compact
object is situated at the point (60, 0, 60), i.e., at the jet’s
base. We remind that, because the exact orbital separation in
SS433 is not well known, this estimation is within an order of
magnitude (the objects are orbiting around their centre-of-
mass). We also mention that we assume that the companion
star is not included in the model [12]. However, its wind is
included through its densitywhich is taken as decreasingwith
distance r (as 1/𝑟2), away from its centre.

Furthermore, we also include a simplified accretion disk
wind through the jet’s dynamic interaction with both winds.
This means that our model is less realistic as we approach the
companion star and accretion disk locations but the results
are reliable in the vicinity of the jet. For a detailed discussion
related to important phenomena of the jet’s interaction zone
with nearby winds, the reader is referred to the Refs. [12, 13,
28, 29] and references therein.

4. Results of Simulations for the New
Jet Model Scenarios

In this section, we present the results for two new scenarios of
initial conditions (referred to the microquasar stellar system
SS433) obtained as follows: (i) Hydrodynamical simulation
carried out by utilizing as main computational tool the 3D
relativistic hydrocode PLUTO and (ii) Gamma-ray emission
synthetic images obtained with the line of sight integration.

In scenario C, the jet precesses faster than reality, there-
fore precession effects are enhanced. In this case, the jet
involves artificially accelerated precession, in order to better
investigate the effects of precession on the surrounding
winds, within the limited time-frame of the model run.

In scenario D, the jet is quite heavier than both winds,
in order to consider the possibility of a dense jet beam, con-
taining the estimated jet mass flow of SS433 while remaining

more focused and more both narrow. The heavier jet of this
scenario crosses the winds with greater ease. Also the effects
of its interaction with the winds appear decreased.

We note that another characteristic scenario would have
been a jet much lighter than both winds, but this would have
taken longer simulation time, and practically more difficult.

In both cases, the jet begins to expand into the accretion
disk wind, but at a more limited pace, due to the increased
density of that wind in the model. As soon as the jet head
reaches the stellar wind region, however, the jet’s expansion
rate increases greatly (especially sideways), in the form of
a side shock that accumulates ambient matter. At the same
time, the accretion disk matter is expelled outwards, from the
vicinity of the jet base, forming a “ring” around the jet. The
accretion disk wind is swept in a prominent way, being denser
than the stellar wind, leading to the creation of a halo around
the jet base (see below).

The structure develops throughout the model run, there-
fore suggesting the possibility of its persistence later on, when
the jet reaches its lobe in the W50 nebula. This is similar (to a
certain extent) in structure to that discussed in [14].The above
scenarios are applied to the SS433 microquasar as described
below.

4.1. Description of Runs for Scenarios C and D

4.1.1. Simulations of Scenario C . Scenario C (medium reso-
lution, see Figures 1, 2, 3, and 4) has been chosen to cover
the case of artificially fast precession of the jet. This way
we may investigate the effects of precession on the system
observables. The precessing jet sweeps across more of the
ambient matter in a given period of time, as compared to an
otherwise same but nonprecessing jet (run2-scenario), with
both jet examples considered to be moving through identical
surroundings. Consequently, the effects of the precessing jet
on its surrounding environment are, in terms of affected
volume, more prominent than when precession is absent.
More ambient matter is displaced and part of it ends up being
dragged along by the jet, albeit at a pace clearly slower than
when precession is slower.

The precessing jet model was therefore run, at an accel-
erated precession rate, and that showed an enhanced effect
of sweeping the accretion disk wind matter from the jet
cone. This, in effect, caused the formation of an enhanced,
outward moving, “halo”, around the jet base (Figures 1 and
2). The precessing jet advances, first through the accretion
diskwind, and then through the stellar wind, opening its path
at an accelerating pace, due to meeting with progressively
lower resistance, due to the falling density of the winds.
The latter originated from both the accretion disk and the
companion star. The gradient of the stellar wind, within the
computational grid, is, however, not big, due to the increased
distance from its origin, the companion star.

The jet precession pronounces the sweeping of the inner,
denser part of the accretion disk wind, leading, later on,
to the formation of an expanding approximately torus-
shaped halo surrounding the jet whose axis roughly coincides
with the axis around which the jet precesses. The torus
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(a) (b) (c) (d)

Figure 1: Scenario C: three-dimensional density snapshots obtained as in scenario A of [13], but now we added an accelerated precession of
the jet that leads to the formation of a revolving jet flow. See the rightmost panel of Table 1, where the jet is the most evolved among the plots
(parameters of run3, snapshot intervals 50/count).The jet’s behaviour resembles to that of scenario A (run1) of [13]. Also, now the jet sweeps a
larger volume of ambient matter and propagates slower than in the nonprecession case, though nowmore ambient matter is further activated
for emission. Matter piles up around the jet base, hinting on a halo of slower moving (outbound) material there, crudely reminiscent of the
suggestion of [14] for a halo formed around SS433.

(a) (b) (c) (d)

Figure 2: Scenario C: 3D illustrations of pressure evolution in the vicinity of the jet, as well as in the jet itself (in this case linear plots are
produced, in order to better display the periphery of the system; see run3 parameters in Table 1). The three rightmost plots (b, c, d) share
the same spatial size scale, whereas (a) has been magnified. The jet precession is visible, especially in (c) and (d), while a pressurized mass
concentration can be found in the vicinity of the jet base, persisting throughout the model run and slowly advancing outwards. The front of
the jet itself, due to precession, advances in an asymmetrical way.

consistsmainly of accretion diskwindmatter, forming a loose
“barrel”, or hollow cylinder (Figures 1 and 2) around the
jet, having a velocity component (clearly slower than the jet,
i.e., subrelativistic) parallel to the jet’s precession axis, and a
sideways expansion velocity component as well.

In the scale of the simulation, the companion star has
a nonnegligible distance from the jet base, therefore in the
immediate vicinity of the jet base, it is the more localized
accretion disk wind that dominates over the stellar wind,
in terms of density. It is, therefore, the accretion disk wind
matter that is mainly expelled from the incoming jet and
rushed outwards, swept over by the precessing jet. This
finding might suggest a behaviour that over a much longer
timescale leads to the formation of a “ruff” ofmaterial, around

the cone swept by the precessing jet, perhaps along the lines
of the “bow-tie” structure recently observed in SS433 [14].

The jet precession makes it possible to drag an increased
quantity of surrounding matter along the jet which is in
contrast to a nonprecessing jet where the swept matter is
significantly less. This happens because the precessing jet
covers a cone with an opening angle much larger than
the jet’s own. Therefore, more ambient matter is displaced
than from a straight jet. Furthermore, the partially sideways
motion of the precessing jet further disturbs the surrounding
winds, pushing and dragging them in an outwards direction.
However, the time scale for precession is much bigger than
the jet crossing time of the model space. Therefore, a longer
term simulation, perhaps including replenishment of the
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(a)

(b)

(c)

(d) (e)

Figure 3: Scenario C: a series of slices representing the time evolution of temperature, as in scenario A of [13], but now assuming increased
precession rate (see text). The temperature image depicts 2D slices cut along the jet, at a specific time instant. The precessing jet can be seen
(d,e) to sweep across a larger (compared to scenario A [13]) portion of the surrounding wind volume, piling up additional matter around its
head and sides (see run3 parameters in Table 1).The expansion rate is lower in the accretion disk wind region and increases in the stellar wind
region, but afterwards it stays relatively constant, as the density gradient of the wind (visible in the images) is not too large along the jet path.

(a) (b)

(c) (d)

Figure 4: Scenario C (run3): illustration of the synthetic 𝛾-ray images. In the plots the x-y plane defines the (synthetic) observation plane.
𝑧-axis represents the intensity at each pixel of the observation plane (arbitrary units). For each one of the latter, a line of sight (LOS) is drawn
that crosses the computational domain volume and ends up at the aforementioned pixel. The radiative intensity along the LOS is calculated
using the radiative transfer equation. We see two different cases for emission coefficient used, with two snapshots for each case. In the first
row, 𝜌 is used as emission coefficient (the intensity appears higher when the matter is denser). In the second row, 𝜌𝑢2 is used as emission
coefficient.The fast-moving jet matter now prevails in terms of 𝛾-ray intensity, as compared to the clearly lower emission from slower moving
surrounding material. In both configurations, we see the distinct signature of the precessing jet on the bent jet emission patterns formed, as
well as on resolution effects at a faster pace than the rest of runs. In order to compare those images to actual observations, one would have
to convolve them with the “beam” of the observing instrument, as it is provided by the operator. As a first step, it is possible to compare the
sensitivity of an observing gamma-ray instrument to the “sensitivity” of the synthetic images, using a process similar to the one described in
SK14.

winds as well, would be needed in order to study the effects
of precession on the jet’s environment.

4.1.2. Simulations of Scenario D. In scenario D (medium
resolution) discussed in this work (see Figures 5, 6, 7, and
8), the jet is assumed heavier than its surrounding winds,
which in turn are also somewhat heavier than those of the

other cases, leading to a faster crossing of the computational
domain (Figure 5). Sideways expansion is also swift as the
increased jet mass density allows for a faster “sweep” of the
windmatter. Leftovers from the displaced accretion diskwind
matter can be seen piling up around the jet base (Figure 6).

The jet forms a funnel that transfers mass outwards at an
increased flow rate. The properties of the jet’s surroundings
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(a) (b) (c)

Figure 5: Scenario D: a series of snapshots depicting the density evolution (logarithmic plots) for the run4. Here we can see 3D plots of the jet
proton density in space, at specific time instants of the simulation run.This time the jet is quite much heavier than both surrounding winds,
leading to a decreased jet crossing time of the model space. The jet mass flow rate now rests closer to the estimates for SS433. The jet breaks
through the accretion disk wind construct and soon crosses the stellar wind at a rapid pace (run4 parameters in Table 1, snapshot intervals of
50/count).

(a) (b) (c)

Figure 6: Scenario D: the pressure evolution for the model jet of run4. This plot is similar to the one for the jet density. The patterns are
similar to those of the density for the same run. The higher jet’s density dominates the system dynamics, leading to comparatively poorer
features around the jet, in relation to other runs where the jet was lighter. The pressure distribution follows the above general pattern. A
pressure increase is also seen around the jet base, due to the mass leftover from the disturbed accretion disk wind that used to be there (run4
parameters in Table 1).

are now less pronounced as the expansionmeets with reduced
resistance from ambient matter. The dynamic behaviour of
the jet dominates the hydrosimulation, with the wind’smatter
giving way to the jet (Figures 7 and 8). This case covers
the possibility of jet production as a very dense inflow at
the source, thus enriching nearby interstellar matter with
important mass outflow per time interval.

All of the hydrocode snapshots, of hydrodynamic pa-
rameters, have been created with the VisIt visualization

code (https://wci.llnl.gov/simulation/computer-codes/visit),
whereas the synthetic 𝛾-ray images have been produced
using IDL (https://www.harrisgeospatial.com/SoftwareTech-
nology/IDL.aspx).

4.2. Gamma-Ray Emission Synthetic Images. The above dis-
cussed runs with the hydrocode PLUTO have been per-
formed for a precessing jet model of SS433. As the simulation

https://wci.llnl.gov/simulation/computer-codes/visit
https://www.harrisgeospatial.com/SoftwareTechnology/IDL.aspx
https://www.harrisgeospatial.com/SoftwareTechnology/IDL.aspx
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(a) (b) (c)

(d) (e) (f)
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1.0 (-10)
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Cycle: 1
Max: 0.036
Min: 8.0(-15)

Cycle: 2
Max: 0.045
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Max: 0.28
Min: 2.1 (-15)

Cycle: 11
Max: 0.38
Min: 1.8 (-15)

Figure 7: Scenario D: a series of plots for the jet temperature of run4 (run4 parameters in Table 1). This plot shows 2D slices cut along the
jet, depicting the temperature on the slice, at a specific time instant. The, faster than previous runs, advance of the jet, through surrounding
wind matter, is characterized by an expanding shock front. Said expansion is initially slower, till the jet crosses the simplified accretion disk
wind construct.Then, a higher rate of expansion occurs, especially to the sides, as the stellar wind gradient is less pronounced, since we have
Δ𝑥 < Δ𝑟, where 𝑥 is the jet crossing distance and 𝑟 is the distance to the binary companion star.

(a) (b)

(c) (d)

Figure 8: Scenario D: the top row shows two snapshots of the “heavy jet” run4 (run4 parameters in Table 1), using the hydrodynamical
density 𝜌 as the emission coefficient (arbitrary units). The jet makes its way through the surrounding winds, piling up matter ahead of its
head and around the jet shock front, as well as around the jet base (remnants of the accretion disk wind). The bottom row shows the line of
sight integration images of the same scenario (D), where now 𝜌𝑢2 is the emission coefficient.This time only matter that is both fast and dense,
simultaneously, does contribute to the emission. The jet base, therefore, now emits much less, since, only the jet flow there is both fast and
dense, whereas the remnants of the wind constitute dense but slow matter. The impact of resolution effects, from near the jet base, can also
be seen as humps on the back of the jet intensity ridge.
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proceeds, at some point the computational model space data
is transferred to an output file to be processed (with the
available line of sight (LOS) code) for producing a synthetic
𝛾-ray image of the system. The data of a snapshot from the
PLUTO hydrocode is transferred, in the form of 3D data
arrays (density, velocity vector, pressure: 𝜌, 𝑢𝑥, 𝑢𝑦, 𝑢𝑧, 𝑃) to a
routine that performs the LOS integration [12, 13]. Along the
LOS, 𝛾-ray emission and absorption coefficients are provided
at each point.

At this level, the orbital separation of the compact object
and the donor star is taken to be about 4×1012cm so the stellar
wind origin does not coincide with the jet base. Also, the jet
is taken to travel through a halo produced from the accretion
disk (centred at the jet’s base).Thismatter is commonly called
the accretion disk wind [12, 13].

With our method we follow two separate steps of cal-
culations. We first obtain the hydrodynamic quantities of
density and velocity with the PLUTO hydrocode and second,
the integration (with the LOS code) provides the intensity.
This decoupling allows, in the calculation of emission, the
LOS integration to be performed using either 𝜌 (in CGS
units) or 𝜌V2 (in speed of light dimensionless units, 𝑐 =
1) as the emission coefficient. Then, the synthetic image
is formed, and subsequently the values of all of its pixels
are summed to provide the total intensity released from
the studied object. Finally, the 𝛾-ray emission calculation
is performed separately in Mathematica (for unit proton
number density).

In each of the above scenarios (runs), for 𝛾-rays a
synthetic image was produced, at a suitable model time,
using the relevant radiative transfer code of [12] (only the
emission coefficient was employed). As can be seen, in all the
synthetic 𝛾-ray images (Figures 4 and 8), at each point of the
computational volume, the denser the matter, the higher the
emission at that point is.

Furthermore, it is clear that the larger the number of
significant emission points along a line of sight, the higher
the total emission of the whole line of sight is. By adding the
dependence on the local velocity, denser but slower matter
cannot emit any significant amount of 𝛾-rays. Therefore,
emission from the jet body and its interaction zone with
surrounding media can be seen to be stronger in the 𝜌𝛽2
maps. In addition, the rest of the (roughly inert) medium in
the system contributes very little to 𝛾-ray emission.

Before closing we note that currently we apply the above-
mentioned method to carry out jet emission simulations
for other microquasar systems like the Cygnus X-1 and
Cygnus X-3. From the viewpoint of observations we should
mention that, for lower energy 𝛾-rays, orbital platforms, such
as NASA’s Fermi and ESA’s INTEGRAL, already offered an
important relevant body of observations for various systems
[21, 35]. Very high energy 𝛾-rays can also be studied using
data provided by ground-based Cherenkov telescopes such
as HESS, MAGIC and HEGRA. Hydrodynamical jet models,
combined with artificial imaging, offer realistic estimates of
the conditions in the jet and surrounding environments,
adding insight to open questions about the 𝛾-ray jet emission
from a microquasar.

5. Summary and Conclusions

A precessing jet was modelled using relativistic hydrody-
namic code (PLUTO). Furthermore, the results were pro-
cessed using line of sight code, assuming that the flow velocity
𝑢 is much smaller than the speed of light. The LOS code inte-
grates along lines of sight the equation of radiative transfer
without scattering. The emission coefficients are, in general,
a function of hydrodynamical and radiative parameters.

The intensity result of each LOS is assigned to the pixel
where the LOS meets the imaging plane of “observation”.
In this way, an image is formed which could be called a
synthetic 𝛾-ray image. Only emission is used for this paper,
but absorption may both be incorporated.

The currently available resolution for 𝛾-ray imaging is
lower than the resolution of synthetic imaging. Yet the con-
nections between the emission properties and the underlying
system dynamics do offer useful constrains on a variety
of system parameters, such as the jet kinetic luminosity
energy 𝐿𝑘. The above occurs in the light of potential future
observations, originating from orbital 𝛾-ray telescopes, from
terrestrial Cherenkov detector arrays and even from under-
ground neutrino detectors.
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Large liquid xenon detectors aiming for dark matter direct detection will soon become viable tools also for investigating neutrino
physics. Information on the effects of nuclear structure in neutrino-nucleus scattering can be important in distinguishing neutrino
backgrounds in such detectors. We perform calculations for differential and total cross sections of neutral-current neutrino
scattering off the most abundant xenon isotopes. The nuclear-structure calculations are made in the nuclear shell model for
elastic scattering and also in the quasiparticle random-phase approximation (QRPA) andmicroscopic quasiparticle-phononmodel
(MQPM) for both elastic and inelastic scattering. Using suitable neutrino energy distributions, we compute estimates of total
averaged cross sections for 8B solar neutrinos and supernova neutrinos.

1. Introduction

When the idea of neutrinos was first suggested by Pauli
in 1930, it was thought that they would never be observed
experimentally. Only two decades later interaction of neu-
trinos with matter was detected in the famous Cowan-
Reines experiment [1]. More recently, detection and research
of neutrinos have become more and more of an everyday
commodity, and various more versatile ways to examine
interactions of the little neutral one have emerged and are
being tested in laboratories all over the world.

Coherent elastic neutrino-nucleus scattering (CE]NS) is
a process where the neutrino interacts with the target nucleus
as a whole instead of a single nucleon. Although CE]NS
has been predicted since the 1970s [2], it was discovered
only very recently by the COHERENT collaboration [3].
Due to the coherent enhancement, this experiment had the
remarkable feature of detecting neutrinos with a compact
14.6 kg detector instead of a massive detector volume which
is used in conventional neutrino experiments. Coherent
neutrino-nucleus scattering is on one hand an important
potential source of information for beyond-standard-model
physics [4–11], but on the other hand it may also hinder new

discoveries as it will start disturbing dark matter detectors in
the near future.

A great experimental effort has been put into directly
detecting dark matter in the past few decades (see [12] for
a review). The next-generation detectors are expected to
be sensitive enough to probe cross sections low enough
to start observing CE]NS as an irreducible background
[13, 14]. Solar neutrinos, atmospheric neutrinos, and diffuse
supernova background neutrinos provide a natural source
of background neutrinos, which for obvious reasons cannot
be shielded against. As there are uncertainties in the fluxes
of each of the aforementioned neutrino types, the sensitivity
of WIMP (weakly interacting massive particle) detection is
basically limited to the magnitude of this uncertainty. To
make matters worse, it has been shown that for some specific
WIMPmasses and cross sections the recoil spectra of CE]NS
very closely mimic that of scattering WIMPs [14].

It is therefore of utmost importance to devise a way to go
through this neutrino floor. One potential way of achieving
this is having directional sensitivity in the detector [15, 16]. As
solar and atmospheric neutrinos have a distinct sourcewithin
the solar system, it is expected that their recoil direction
would be different to that of WIMPs, which are typically
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assumed to be gravitationally bound in a halo spanning the
galaxy. Also arising from the different origin of neutrinos
and WIMPs is the idea of using timing information to
discriminate between neutrino and WIMP induced events
in a detector [17]. Due to the motion of the Earth around
the Sun, it is expected that the solar neutrino flux peaks
around January, but the WIMP flux peaks in June when
the velocities of the Sun and Earth are the most in phase.
The recoil spectra of WIMPs and neutrinos could also be
distinguished if the WIMP-nucleus interaction happens via
a nonstandard operator emerging in the effective field theory
framework [18, 19].

Some of the leading dark matter experiments use a
liquid xenon target [20–24], which allows for easy scalability
to larger detector volumes. It is expected that the xenon
detectors are the first to hit the neutrino floor. In this article
we compute cross sections for elastic and inelastic neutrino-
nucleus scattering for the most abundant xenon isotopes.
For the coherent scattering we use the quasiparticle random-
phase approximation (QRPA) framework and the nuclear
shell model to model the nuclear structure and we compare
the results between the twomodels.Thewave functions of the
states of odd-mass xenon isotopes are obtained by using the
microscopic quasiparticle-phonon model (MQPM) on top of
a QRPA calculation. Inelastic scattering is computed in the
QRPA/MQPM formalism. In our calculations we consider 8B
solar neutrinos and supernova neutrinos.

A similar QRPA calculation has been made in [25]
for 136Xe, where both charged-current and neutral-current
inelastic scattering was examined. Similar computations of
neutral-current neutrino-nucleus scattering cross sections
have been made before for the stable cadmium isotopes in
[26] and for molybdenum isotopes in [27]. Both calcula-
tions used the QRPA/MQPM approach. To our knowledge
this article presents the first calculation of neutral-current
neutrino-nucleus scattering within a complete microscopic
nuclear framework for Xe isotopes other than 136Xe.

This article is organized as follows. In Section 2we outline
the formalism used to compute neutral-current neutrino-
nucleus scattering. In Section 3 we summarize the nuclear-
structure calculations made for the target xenon isotopes.
In Section 4 we discuss the results of our cross-section
calculations and in Section 5 conclusions are drawn.

2. Neutral-Current
Neutrino-Nucleus Scattering

In this section we summarize the formalism used to compute
neutral-current neutrino-nucleus scattering processes. We
examine standard-model reactions mediated by the neutral𝑍0 boson, namely, the processes

] + (𝐴, 𝑍) → ] + (𝐴, 𝑍) , (1)

] + (𝐴, 𝑍) → ] + (𝐴, 𝑍)∗ , (2)

i.e., the elastic and inelastic scattering of neutrinos off a
nucleus (with 𝐴 nucleons and 𝑍 protons), respectively. In
the elastic process the initial and final states of the target

]

]

qk

(A, Z)

(A, Z)

(∗)

Z0 p


k


p

Figure 1: A diagram of the neutral-current scattering process. The
four momenta of the involved particles are labeled in the figure.

nucleus are the same, while in the inelastic process excitation
of the target nucleus takes place. The kinematics of the
scattering process is illustrated in Figure 1. We label the four
momenta of the incoming and outgoing neutrino as 𝑘�휇 and𝑘�耠�휇, respectively. The momenta of the target nucleus before
and after interacting with the neutrino are 𝑝�휇 and 𝑝�耠�휇. The
momentum transfer to the nucleus is referred to as 𝑞�휇 =𝑘�耠�휇 − 𝑘�휇 = 𝑝�휇 − 𝑝�耠�휇. The neutrino kinetic energy before and
after scattering is 𝐸�푘 and 𝐸�푘 .

The neutral-current neutrino-nucleus scattering differen-
tial cross section to an excited state of energy 𝐸ex can be
written as [28]

𝑑2𝜎𝑑Ω𝑑𝐸ex
= 𝐺2F k�耠 𝐸�푘𝜋 (2𝐽�푖 + 1) (∑

�퐽≥0

𝜎�퐽CL + ∑
�퐽≥1

𝜎�퐽T) , (3)

which comprises the Coulomb-longitudinal (𝜎�퐽CL) and trans-
verse (𝜎�퐽T) parts. They are defined as

𝜎�퐽CL = (1 + cos 𝜃) ⟨𝐽�푓 M�퐽 (𝑞) 𝐽�푖⟩2
+ (1 + cos 𝜃 − 2𝑏 sin2𝜃) ⟨𝐽�푓 L�퐽 (𝑞) 𝐽�푖⟩2
+ 𝐸ex𝑞 (1 + cos 𝜃)
× 2Re {⟨𝐽�푓 M�퐽 (𝑞) 𝐽�푖⟩∗ ⟨𝐽�푓 L�퐽 (𝑞) 𝐽�푖⟩} ,

(4)

and

𝜎�퐽T = (1 − cos 𝜃 + 𝑏 sin2𝜃)
⋅ [⟨𝐽�푓 Tmag

�퐽 (𝑞) 𝐽�푖⟩2 + ⟨𝐽�푓 Tel
�퐽 (𝑞) 𝐽�푖⟩2]

∓ 𝐸�푘 + 𝐸�푘𝑞 (1 − cos 𝜃) × 2
⋅ Re {⟨𝐽�푓 Tmag

�퐽 (𝑞) 𝐽�푖⟩ ⟨𝐽�푓 Tel
�퐽

 𝐽�푖⟩∗} ,

(5)

where the minus sign is taken for neutrino scattering and the
plus sign for antineutrino scattering. 𝐽�푖 and 𝐽�푓 are the initial
and final state angular momenta of the nucleus. We use the
abbreviation

𝑏 = 𝐸k𝐸k𝑞2 , (6)
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and 𝑞 is the magnitude of the three-momentum transfer.
The formalism and various different operators involved are
discussed in detail in [28, 29].

To compute the averaged cross section ⟨𝜎⟩, we need to
fold the computed cross sections with the energy distribution
of the incoming neutrinos. We take the supernova neutrino
spectrum to be of a two-parameter Fermi-Dirac character

𝑓FD (𝐸�푘) = 1𝐹2 (𝛼]) 𝑇]

(𝐸�푘/𝑇])21 + 𝑒�퐸𝑘/(�푇]−�훼]) , (7)

where 𝛼] is the so-called pinching parameter and 𝑇] is the
neutrino temperature. The normalization factor 𝐹2(𝛼]) is
defined by the formula

𝐹�푘 (𝛼]) = ∫ 𝑥�푘𝑑𝑥1 + 𝑒�푥−�훼] , (8)

and the temperature andmean energy of neutrinos are related
by

⟨𝐸]⟩𝑇]
= 𝐹3 (𝛼])𝐹2 (𝛼]) . (9)

We also examine solar neutrinos from 8B beta decay. We use
an 8B neutrino energy spectrum from [30].

3. Nuclear Structure of the Target Nuclei

In this section we outline the nuclear-structure
calculations performed for the investigated nuclei
128,129,130,131,132,134,136Xe. We have performed computations
in the quasiparticle random-phase approximation (QRPA),
microscopic quasiparticle-phonon model (MQPM), and the
nuclear shell model.

3.1. QRPA/MQPM Calculations. The nuclear structure of
even-even Xe isotopes was computed by using the charge-
conserving QRPA framework. The QRPA is based on a
BCS calculation [31], where quasiparticle creation and anni-
hilation operators are defined via the Bogoliubov-Valatin
transformation as

𝑎†�훼 = 𝑢�푎𝑐†�훼 + V�푎𝑐�훼,
𝑎�훼 = 𝑢�푎𝑐�훼 − V�푎𝑐†�훼 ,

(10)

with the regular particle creation and annihilation operators𝑐†�훼 and 𝑐 defined in [32]. Here 𝛼 contains the quantum
numbers (𝑎,𝑚�훼) with 𝑎 = (𝑛�푎, 𝑙�푎, 𝑗�푎). The excited states with
respect to the QRPA vacuum are created with the phonon
creation operator

𝑄†�휔 = ∑
�푎�푏

N�푎�푏 (𝐽�휔) (𝑋�휔�푎�푏 [𝑎†�푎𝑎†�푏]�퐽𝜔�푀𝜔 + 𝑌�휔�푎�푏 [𝑎�푎𝑎�푏]�퐽𝜔�푀𝜔) (11)

for an excited state 𝜔 = (𝐽�휔,𝑀�휔, 𝜋�휔, 𝑘�휔), where 𝑘�휔 is a
number labeling the excited states of given 𝐽�휋. In the above
equation

N�푎�푏 (𝐽�휔) = √1 + 𝛿�푎�푏 (−1)�퐽𝜔1 + 𝛿�푎�푏 , (12)

and𝑋�휔�푎�푏 and 𝑌�휔�푎�푏 are amplitudes describing the wave function
that are solved from the QRPA equation

[ A B
−B∗ −A∗][X�휔

Y�휔
] = 𝐸�휔 [X

�휔

Y�휔
] , (13)

where the matrix A is the basic Tamm-Dankoff matrix and B
is the so-called correlation matrix, both defined in detail in
[32].

We perform the QRPA calculations using large model
spaces consisting of the entire 0𝑠–0𝑑, 1𝑝–0𝑓–0𝑔, 2𝑠–1𝑑–0ℎ,
and 1𝑓–2𝑝 major shells, adding also the 0𝑖13/2 and 0𝑖11/2
orbitals. The single-particle bases are constructed by solving
the Schrödinger equation for a Coulomb-corrected Woods-
Saxon potential. We use the Woods-Saxon parameters given
in [33]. We make an exception for 136Xe, adopting the set of
adjusted values of single-particle energies from [25]. Due to
the neutron-magic nature of 136Xe, adjusted single-particle
energies are necessary to get agreement with experimental
energy levels. The Bonn one-boson exchange potential [34]
was used to estimate the residual two-body interaction.

The QRPA formalism involves several parameters that
have to be fixed by fitting observables to experimental data.
In the BCS calculation we fit the proton and neutron pairing
strengths 𝐺p

pair and 𝐺n
pair so that the lowest quasiparticle

energy matches the empirical pairing gap given by the three-
point formula [35]:

Δ p (𝐴, 𝑍) = 14 (−1)�푍+1 [𝑆p (𝐴 + 1, 𝑍 + 1) − 2𝑆p (𝐴, 𝑍)
+ 𝑆p (𝐴 − 1, 𝑍 − 1)] ,

Δ n (𝐴, 𝑍) = 14 (−1)�퐴−�푍+1 [𝑆n (𝐴 + 1, 𝑍) − 2𝑆n (𝐴, 𝑍)
+ 𝑆n (𝐴 − 1, 𝑍)] .

(14)

It should be noted that for the neutron-magic 136Xe this
procedure cannot be done for the neutron pairing strength.
We have instead used a bare value of 𝐺pair = 1.0 for 136Xe.

The particle-particle and particle-hole terms of the two-
body matrix elements are scaled by strength parameters 𝐺pp
and 𝐺ph, respectively. The energies of the computed QRPA
states are quite sensitive to these model parameters. We fit
the lowest excited states of each 𝐽�휋 separately to experimental
values from [36] by altering the values of 𝐺pp and 𝐺ph. The
values used for the model parameters are given in Table 1.

The QRPA process is known to produce states that are
spurious, namely, the first excited 0+ state and the first 1−
state. The first 0+ state has been deemed spurious in [26, 37].
The first 1− state is spurious due to center-of-mass motion
as described in [32]. We have fitted the energies of these
states to zero, if possible, by using the model parameters𝐺pp and 𝐺ph, and subsequently the states have been omitted
from calculations for the even-mass isotopes and also from
the MQPM calculations for the odd-mass isotopes. The
contributions of these spurious states to the total neutrino-
nucleus scattering cross section would be tiny in any case.
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Table 1: Model parameters used in the BCS and QRPA calculations. For each nucleus (column 1) the values of 𝐺pp and 𝐺ph (column 2) are
given for the important 𝐽�휋 phonons in columns 3 to 9.

Nucleus 𝐺 0+ 1− 2+ 3− 4+ 5− 6+
128Xe pp 0.796 1.000 1.000 1.000 1.000 1.000 1.000

ph 0.298 0.500 0.527 0.500 0.652 0.883 0.934
130Xe pp 0.730 1.000 1.000 1.000 1.000 1.000 1.000

ph 0.303 0.500 0.531 0.500 0.581 0.833 0.788
132Xe pp 0.653 1.000 1.000 1.000 1.000 1.000 1.000

ph 0.319 0.500 0.533 0.500 0.436 0.933 1.000
134Xe pp 0.500 1.000 1.000 1.000 1.000 1.000 1.000

ph 0.370 0.500 0.511 0.500 0.596 1.000 0.891
136Xe pp 0.843 1.000 1.000 1.000 1.000 1.000 1.000

ph 0.100 0.500 0.583 0.500 0.700 0.747 0.891

Table 2:Thevalence-space truncationsmade in the shell-model calculations.Thefirst column labels theXe isotope; the followingfive columns
give the minimum/maximum number of neutrons on the single-particle orbitals 0𝑔7/2, 1𝑑5/2, 1𝑑3/2, 2𝑠1/2, and 1ℎ11/2, respectively.
Nucleus 0𝑔7/2 1𝑑5/2 1𝑑3/2 2𝑠1/2 1ℎ11/2
128Xe 8/8 6/6 0/4 0/2 4/12
129Xe 8/8 6/6 0/4 0/2 4/12
130Xe 8/8 4/6 0/4 0/2 0/12
131Xe 8/8 6/6 0/4 0/2 0/12
132Xe 0/8 0/8 0/4 0/2 0/12
134Xe 0/8 0/8 0/4 0/2 0/12
136Xe 0/8 0/8 0/4 0/2 0/12

Odd-mass xenon isotopes 129,131Xe are then computed by
using the MQPM formalism, in which we use a combination
of one- and three-quasiparticle states by coupling a quasi-
particle with a QRPA phonon to form the three-quasiparticle
configurations. TheMQPM basic excitation can be written in
terms of quasiparticle and QRPA-phonon creation operators
as [38]

Γ†�푘 (𝑗𝑚) = ∑
�푛

𝐶�푘�푛𝑎†�푛�푗�푚 +∑
�푎,�휔

𝐷�푘�푎�휔 [𝑎†�푎𝑄†�휔]�푗�푚 . (15)

The amplitudes 𝐶 and𝐷 are computed by solving the MQPM
equations of motion. The detailed description of the process
can be found in [38]. No additional model parameters are
required for the MQPM calculation aside for the parameters
fitted for the BCS/QRPA calculation described above. We do
the MQPM calculations of 129Xe and 131Xe using 130Xe and
132Xe as reference nuclei, respectively. We select all QRPA
phonons of 𝐽 ≤ 6 with an energy less than 10 MeV to be used
in the calculation.

3.2. Shell-Model Calculations. We perform shell-model cal-
culations for Xe isotopes using the shell-model code
NuShellX@MSU [39]. We use the 0𝑔7/2, 1𝑑5/2, 1𝑑3/2, 2𝑠1/2,
and 0ℎ11/2 valence space and the SN100PN interaction [40].
The single-particle energies associated with the aforemen-
tioned orbitals in the SN100PN interaction are 0.8072, 1.5623,
3.3160, 3.2238, and 3.6051 MeV, respectively, for protons, and−10.6089, −10.2893, −8.7167, −8.6944, and −8.8152MeV for
neutrons.

The matrix dimension in the shell-model calculation
increases rapidly when moving away from the 𝑁 = 82 shell
closure of 136Xe. For 132,134,136Xe we were able to do a full
calculation with no truncations, but for 128−131Xe we had to
put restrictions on the neutron valence space.The truncations
made for each isotope are shown in detail in Table 2. For the
isotopes 128−131Xe we assume a completely filled 0𝑔7/2 orbital
and for 128,129,131Xewe also assume the 1𝑑5/2 orbital to be full.
These should be reasonable approximations when aiming to
describe the ground state and low-lying excited states in the
xenon nuclei. The orbitals 0𝑔7/2 and 1𝑑5/2 have the lowest
single-particle energies and the excitations are likely to take
place from higher orbitals when the neutron number of the
nuclei is quite large.

The computed energy levels of the even-mass xenon
isotopes are given in Figure 2 and the odd-mass isotopes
in Figure 3. For the even-mass isotopes the experimental
energy spectra are very well reproduced by the shell-model
calculations. The accuracy is somewhat diminished when
moving to lower masses from the closed neutron major shell
of 136Xe, but a decent correspondence between experimental
and theoretical levels can be found. For the odd-mass iso-
topes the situation is more complex, but the positive-parity
states are well reproduced by the calculations. However, the
negative-parity states 11/2− and 9/2− are computed to be
much lower than in the experimental spectrum. This effect
has been observed in earlier calculations using the SN100PN
interaction in thismass region [41].The experimental data for
the xenon isotopes was obtained from [36].
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Figure 2: Experimental and shell-model energy spectra of even-mass xenon isotopes. A maximum of eight lowest energy levels are shown
for each isotope. From left to right: 128Xe, 130Xe, 132Xe, 134Xe, and 136Xe.
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Figure 3: Experimental and shell-model energy spectra of odd-
mass xenon isotopes 129Xe (left) and 131Xe (right).

To give a further measure of accuracy of our calculation,
we computed the ground state magnetic moments for 129Xe
and 131Xe. For 129Xe the experimental magnetic moment of
the 1/2+ ground state is 𝜇exp = −0.7779763(84)𝜇N while the
shell-model calculated value is 𝜇sm = −1.360𝜇N. For 131Xe3/2+ ground state the numbers are 𝜇exp = +0.691862(4)𝜇N
and 𝜇sm = +1.059𝜇N for experiment and shell model,
respectively. The sign of the magnetic moment in both cases
is correct, but the magnitude of both of our calculated values
is somewhat larger than that of the experimental ones.

4. Neutrino Scattering Results

In this section we present the results of our calculations
for neutrino-nucleus scattering cross sections by methods

described in Section 2.We have computed total cross sections
for coherent and inelastic neutrino-nucleus scattering as a
function of the neutrino energy and also averaged total cross
sections for solar 8B neutrinos and supernova neutrinos
scattering off the most abundant xenon isotopes. In the
following calculations of averaged supernova neutrino cross
sections we have used two different neutrino temperatures
corresponding to different neutrino flavors. We follow the
choices of [26, 37] and have the electron neutrinos described
by parameters 𝛼 = 3.0, ⟨𝐸]⟩ = 11.5 MeV, and 𝑇] =2.88 MeV, and the muon and tau neutrinos by 𝛼 = 3.0,⟨𝐸]⟩ = 16.3 MeV, and 𝑇] = 4.08 MeV. Whenever we refer
to supernova neutrinos in the following text these parameter
values are used in the calculations.

4.1. Coherent Elastic Scattering. In Table 3 we present the
total cross section for coherent neutrino-nucleus scattering
off the target xenon isotopes as a function of neutrino energy.
In Table 3 we only show calculations in the nuclear shell
model, but the values for the QRPA/MQPM formalism are
very similar, which is reflected on the total averaged cross
sections shown later. The cross sections rise rapidly for small
neutrino energies and start to saturate when approaching 100
MeV. The cross sections are larger for the higher-𝐴 isotopes,
following the𝑁2 coherent enhancement.

We present the total averaged cross section for supernova
neutrinos as well as solar 8B neutrinos in Table 4. Results
for coherent scattering are shown for the shell model and
QRPA/MQPM calculations. The results between the shell
model and quasiparticle approaches are very similar. Some
small differences can be observed in the results for the odd-
mass isotopes, but those are still not very significant. The
cross sections for the supernova neutrinos are larger than
for 8B neutrinos by roughly a factor of 3 or 5 depending on
the neutrino flavor. This is due to the average energy of the
supernova neutrinos being larger at 11.5 MeV or 16.3 MeV,
while the 8B spectrum peaks at around 7 MeV.
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Table 3: Coherent elastic neutral-current scattering cross section for neutrinos scattering off xenon targets as a function of neutrino energy.
The cross sections for each isotope are given in units of cm2 in columns 2-8 as a function of the neutrino energy (column 1).The computations
were made in the nuclear shell model.

𝐸] 𝜎 (cm2)(MeV) 128Xe 129Xe 130Xe 131Xe 132Xe 134Xe 136Xe
5 5.16 × 10−40 5.31 × 10−40 5.46 × 10−40 5.61 × 10−40 5.76 × 10−40 6.08 × 10−40 6.40 × 10−40
10 2.02 × 10−39 2.08 × 10−39 2.14 × 10−39 2.20 × 10−39 2.26 × 10−39 2.38 × 10−39 2.50 × 10−39
20 7.44 × 10−39 7.65 × 10−39 7.86 × 10−39 8.07 × 10−39 8.29 × 10−39 8.73 × 10−39 9.19 × 10−39
30 1.47 × 10−38 1.51 × 10−38 1.55 × 10−38 1.59 × 10−38 1.63 × 10−38 1.71 × 10−38 1.80 × 10−38
40 2.19 × 10−38 2.25 × 10−38 2.31 × 10−38 2.37 × 10−38 2.43 × 10−38 2.55 × 10−38 2.67 × 10−38
50 2.80 × 10−38 2.88 × 10−38 2.94 × 10−38 3.02 × 10−38 3.09 × 10−38 3.24 × 10−38 3.39 × 10−38
60 3.25 × 10−38 3.33 × 10−38 3.40 × 10−38 3.49 × 10−38 3.57 × 10−38 3.73 × 10−38 3.91 × 10−38
70 3.55 × 10−38 3.64 × 10−38 3.72 × 10−38 3.81 × 10−38 3.89 × 10−38 4.07 × 10−38 4.25 × 10−38
80 3.75 × 10−38 3.84 × 10−38 3.92 × 10−38 4.02 × 10−38 4.10 × 10−38 4.28 × 10−38 4.48 × 10−38

Table 4: Total averaged cross section for 8B solar neutrinos and electron and muon/tau supernova neutrinos (SN]e/SN]x) scattering off
xenon targets. The results are shown for calculations in the nuclear shell model (SM) and the QRPA/MQPM formalisms. Cross sections for
coherent scattering are given in units of 10−39 cm2 and for inelastic scattering in 10−43 cm2.

⟨𝜎⟩coh,8B ⟨𝜎⟩coh,SN]e ⟨𝜎⟩coh,SN]x ⟨𝜎⟩inel,8B ⟨𝜎⟩inel,SN]e ⟨𝜎⟩inel,SN]x
Nucleus Model (10−39 cm2) (10−39 cm2) (10−39 cm2) (10−43 cm2) (10−43 cm2) (10−43 cm2)
128Xe SM 1.064 3.051 5.692 - - -

QRPA 1.065 3.052 5.696 1.567 38.10 152.0
129Xe SM 1.095 3.138 5.853 - - -

MQPM 1.105 3.166 5.903 2.208 45.11 173.4
130Xe SM 1.125 3.223 6.008 - - -

QRPA 1.126 3.225 6.013 1.564 40.94 161.0
131Xe SM 1.157 3.313 6.173 - - -

MQPM 1.167 3.336 6.215 3.699 54.14 195.4
132Xe SM 1.188 3.401 6.335 - - -

QRPA 1.189 3.403 6.339 2.341 48.21 180.4
134Xe SM 1.253 3.585 6.671 - - -

QRPA 1.253 3.585 6.673 3.107 56.10 201.7
136Xe SM 1.320 3.773 7.016 - - -

QRPA 1.320 3.773 7.016 2.102 53.43 200.5

4.2. Inelastic Scattering. Due to the limitations of the shell
model in describing high-lying excited states, we compute
inelastic scattering properties using only the QRPA/MQPM
formalism, which is known to depict well the collective
properties of excited nuclear states.The total cross section as a
function of neutrino energy is given in Table 5 for each xenon
isotope. For smaller neutrino energies, 0 to 30MeV, the cross
sections are slightly larger for the odd-mass isotopes than for
their neighboring isotopes. The energies of solar neutrinos
fit completely into this range, which leads to the averaged
cross sections for solar neutrinos to be larger for the odd-mass
isotopes.

The total averaged inelastic cross sections are listed in
Table 4.The inelastic scattering cross sections are some orders
of magnitude smaller than the coherent cross sections, as
expected. Here the cross sections of the supernova neutrinos
are an order of magnitude or two larger than of 8B solar
neutrinos, again due to the supernova neutrinos having
on average a higher energy. The effect of neutrino energy

appears more pronounced in inelastic scattering than in
coherent scattering, however. The cross sections of the odd-
mass isotopes are again slightly larger than those of the
neighboring isotopes.

We can compare our inelastic scattering results with those
calculated in [26] for Cd isotopes using the same supernova
neutrino parameters. The results for Cd isotopes in [26] in
the case of electron neutrino range from 4.38× 10−42 cm2 for
106Cd to 4.96×10−42 cm2 for 111Cd, with a general decreasing
trend with increasing mass number for even-mass nuclei.
Our results for Xe isotopes in Table 4 are very similar in
magnitude, but the trend is rather rising than decreasing with
increasingmass number.This could be a shell effect, as adding
neutrons to Cd isotopes takes the nucleus further away from
a closed major shell, but for the xenon nuclei it gets closer to
a shell closure. Same conclusions can be made for the other
neutrino flavors.

We show the contributions from different multipole
channels to the total averaged cross sections in Figure 4
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Table 5: Inelastic neutral-current scattering cross section for neutrinos scattering off xenon targets as a function of neutrino energy. The
cross sections are given in units of cm2. The computations were made in the QRPA/MQPM formalism.

𝐸] 𝜎 (cm2)(MeV) 128Xe 129Xe 130Xe 131Xe 132Xe 134Xe 136Xe
5 1.71 × 10−45 2.10 × 10−45 1.29 × 10−46 2.74 × 10−44 7.74 × 10−45 1.28 × 10−44 2.00 × 10−47
10 3.56 × 10−43 5.27 × 10−43 3.54 × 10−43 8.49 × 10−43 5.49 × 10−43 7.57 × 10−43 4.75 × 10−43
20 1.41 × 10−41 1.71 × 10−41 1.53 × 10−41 2.00 × 10−41 1.78 × 10−41 2.06 × 10−41 2.02 × 10−41
30 6.50 × 10−41 7.45 × 10−41 6.85 × 10−41 8.18 × 10−41 7.53 × 10−41 8.29 × 10−41 8.41 × 10−41
40 1.85 × 10−40 1.94 × 10−40 1.91 × 10−40 2.05 × 10−40 2.02 × 10−40 2.16 × 10−40 2.20 × 10−40
50 3.99 × 10−40 3.85 × 10−40 4.05 × 10−40 3.95 × 10−40 4.20 × 10−40 4.38 × 10−40 4.47 × 10−40
60 7.17 × 10−40 6.41 × 10−40 7.20 × 10−40 6.45 × 10−40 7.35 × 10−40 7.55 × 10−40 7.66 × 10−40
70 1.14 × 10−39 9.51 × 10−40 1.14 × 10−39 9.44 × 10−40 1.15 × 10−39 1.16 × 10−39 1.18 × 10−39
80 1.66 × 10−39 1.30 × 10−39 1.64 × 10−39 1.28 × 10−39 1.65 × 10−39 1.66 × 10−39 1.67 × 10−39
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Figure 4: The contributions of multipole channels 𝐽 ≤ 4 to the total averaged cross section for inelastic scattering of supernova electron
neutrinos. Bar plots are shown for a representative sample of 128Xe (top left), 129Xe (top right), 134Xe (bottom left), and 131Xe (bottom right).
A division to vector, axial-vector, and interference parts of the interaction is shown. Cross sections are given in units of 10−42 cm2.

for supernova electron neutrinos and Figure 5 for solar
neutrinos. It is evident that the most dominant contribution
comes from an axial-vector 1+ multipole transition in all
cases but one. Smaller, yet still important contributions
arise from the axial-vector 1− and 2− channels for higher

neutrino energies. This is characteristic behavior for neutral-
current scattering, which has been observed in [26] for Cd
isotopes and in [27] for Mo isotopes. The contributions get
more evenly distributed among the different multipoles with
increasing neutrino energy.
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Figure 5: The contributions of multipole channels 𝐽 ≤ 4 to the total averaged cross section for inelastic scattering of solar 8B neutrinos. Bar
plots are shown for a representative sample of 128Xe (top left), 129Xe (top right), 134Xe (bottom left), and 131Xe (bottom right). A division to
vector, axial-vector, and interference parts of the interaction is shown. Cross sections are given in units of 10−42 cm2.

For the odd-mass nuclei our calculations also show a sig-
nificant contribution from a vector 0+ channel, and for solar
neutrinos scattering off 129Xe this channel in fact becomes the
strongest. For the even-mass isotopes this channel is more
suppressed, but it becomes more significant for the lower
energy solar neutrinos. Similar large 0+ contributions were
observed in [26] for Cd isotopes. This is problematic as, in
principle, the 0+ contribution is expected to be small because
it vanishes at the limit 𝑞 → 0.The particle-number violation
of the quasiparticle framework can be an explanation for the
large computed 0+ contribution. A detailed examination on
the origins of the 0+ anomaly will be conducted in a later
study. At this time one should regard the 0+ contributions
with caution as they are probably at least partially spurious.

In Figures 6 and 7 we show the dominating contribu-
tions to the inelastic scattering cross section from various
final states of 128Xe and 131Xe, respectively. We notice that
the major contributions are very similar for the solar and
supernova electron neutrinos for the even-mass 128Xe, where
the leading contributions come from 1+ states at 8.4 MeV,
5.0 MeV, and 6.7 MeV. For solar neutrinos there is also a

notable contribution from a 0+ state at 2.4MeV.The situation
is very much different for the odd-mass 131Xe, where for
supernova neutrinos there is a pile-up of 5/2+, 3/2+, and1/2+ states at roughly 8 MeV giving large contributions to
the total cross section in addition to the large contributions
from lower-lying 5/2+ and 3/2+ states. However, for solar 8B
neutrinos this peak at 8MeV is much smaller, and the leading
contributions are more localized to the 5/2+ state at 1.8 MeV
and the 3/2+ state at 2.9 MeV. It is interesting that a relatively
small change in the average neutrino energy can lead to the
higher-lying states to give much larger contributions to the
total cross section.

Following the discussion on the anomalously large 0+
multipole contribution in 129Xe we show the dominant final
states for neutrinos scattering off 129Xe in Figure 8. As
expected from the large 0+ multipole, the largest contribu-
tions here come from 1/2+ states at energies of roughly 2 − 3
MeV. Something in the nuclear-structure calculation seems
to favor the 0+ multipole transition to 1/2+ final states over
the 1+ multipole transition to 3/2+ states. Otherwise similar
conclusions can be made for 129Xe as for 131Xe above about
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Figure 6: Contributions to the inelastic scattering averaged cross section arising from various final states of 128Xe at energies 𝐸ex. Results are
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the location of the peaks in energy and differences between
solar and supernova neutrinos.

5. Conclusions

We have computed various properties of cross sections
of neutral-current neutrino-nucleus scattering off the most
abundant Xe isotopes. The nuclear structure of our target Xe
nuclei was computed in the nuclear shell model for elastic
scattering and in the QRPA framework for both elastic and
inelastic scattering. For the odd-mass nuclei 129Xe and 131Xe
an MQPM calculation was performed based on the QRPA
calculation for 130Xe and 132Xe, respectively. We used realistic
neutrino energy distributions for solar neutrinos from 8B
beta decay and supernova neutrinos to compute the averaged
cross sections for each neutrino scenario.

The total averaged cross sections for supernova neutrinos
are dependent on the values of the parameters 𝛼] and ⟨𝐸]⟩.
We have shown results of only one set of parameters for
electron neutrinos and one for muon/tau neutrinos. The
dependence of the cross sections on the parameter 𝛼] is
typically quite mild, unless the change is large [25, 26].
The values 𝛼] = 3.0, ⟨𝐸]e⟩ = 11.5 MeV, and ⟨𝐸]x⟩ =16.3 MeV used in this work are reasonable estimates and
allow comparison of results with the 8B solar neutrinos, for
which the energy distribution is better known. A mapping of
cross sections for various supernova neutrino parameters is
out of scope of this work. However, we have tabulated total
cross section as a function of neutrino energy, which can be
used to obtain estimates of total averaged cross sections for
any neutrino energy profile.

The scattering process in even-even nuclei is dominated
by transitions to high-lying 1+ states and for odd-mass nuclei
typically by states differing from the initial state by one unit
of angular momentum. We found that in even-mass nuclei
the leading contributions from various final states are quite
similar between solar neutrinos and supernova neutrinos. In
odd-mass nuclei, however, the smaller energy of the solar
neutrinos does not allow large contributions to the total cross
section to arise from high-lying states. We also noted that the
smaller energies of solar neutrinos lead into an enhancement
in the vector 0+ multipole channel in comparison to the
otherwise dominating 1+ axial-vector channel, especially in
the odd-massXenuclei. However, the large contribution from
the 0+ multipole can be mostly spurious, possibly due to
the particle-number violation of the quasiparticle framework.
This matter will be investigated further and subsequently
reported elsewhere.
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We investigate the implications of a sterile neutrino on the physics potential of the proposed experiment DUNE and future runs
of NO]A using latest NO]A results. Using combined analysis of the disappearance and appearance data, NO]A reported preferred
solutions at normal hierarchy (NH) with two degenerate best-fit points: one in the lower octant (LO) and 𝛿13 = 1.48𝜋 and the other
in higher octant (HO) and 𝛿13 = 0.74𝜋. Another solution of inverted hierarchy (IH), which is 0.46𝜎 away from best fit, was also
reported. We discuss chances of resolving these degeneracies in the presence of sterile neutrino.

1. Introduction

Sterile neutrinos are hypothetical particles that do not
interact via any of the fundamental interactions other than
gravity. The term sterile is used to distinguish them from
active neutrinos, which are charged under weak interaction.
The theoretical motivation for sterile neutrino explains the
active neutrino mass after spontaneous symmetry breaking,
by adding a gauge singlet term (sterile neutrino) to the
Lagrangian under 𝑆𝑈(3)𝑐 ⊗ 𝑆𝑈(2)𝐿 ⊗ 𝑈(1)𝑟 where the Dirac
term appears through the Higgs mechanism, and Majorana
mass term is a gauge singlet and hence appears as a bare mass
term [1].The diagonalization of the mass matrix gives masses
to all neutrinos due to the See-Saw mechanism.

Some experimental anomalies also point towards the
existence of sterile neutrinos. Liquid Scintillator Neutrino
Detector (LSND) detected ]𝜇 → ]𝑒 transitions indicatingΔ𝑚2 ≈ 1𝑒𝑉2 which is inconsistent with Δ𝑚232, Δ𝑚221 (LSND
anomaly) [2]. Measurement of the width of Z boson by LEP
gave number of active neutrinos to be 2.984 ± 0.008 [3].
Thus the new neutrino introduced to explain the anomaly
has to be a sterile neutrino. MiniBooNE, designed to verify
the LSND anomaly, observed an unexplained excess of events
in low-energy region of ]𝑒, ]𝑒 spectra, consistent with LSND

[4]. SAGE and GALLEX observed lower event rate than
expected, explained by the oscillations of ]𝑒 due to Δ𝑚2 ≥1𝑒𝑉2(Gallium anomaly) [5–7]. Recent precise predictions of
reactor antineutrino flux have increased the expected flux by
3% over old predictions. With the new flux evaluation, the
ratio of observed and predicted flux deviates at 98.6% C.L
(Confidence level) from unity; this is called “reactor antineu-
trino anomaly” [8].This anomaly can also be explained using
sterile neutrino model.

Short-baseline (SBL) experiments are running to search
for sterile neutrinos. SBL experiments are the best place
to look for sterile neutrino, as they are sensitive to new
expected mass-squared splitting Δm2 ≃ 1eV2. However,
SBL experiments cannot study all the properties of sterile
neutrinos, mainly new CP phases introduced by sterile
neutrino models. These new CP phases need long distances
to become measurable [9, 10] and thus can be measured
using long baseline (LBL) experiments. With the discovery of
relatively large value for 𝜃13 by Daya Bay [11], the sensitivity
of LBL experiments towards neutrino mass hierarchy and
CP phases increased significantly. In this context, some
phenomenological studies regarding the sensitivity of LBL
experiments can be found in recent works [12–16]. Using
recent global fits of oscillation parameters in the 3+1 scenario
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[17], current LBL experiments can extract two out of three
CP phases (one of them being standard 𝛿13) [10]. The
phenomenological studies of LBL experiments in presence of
sterile neutrino is studied by several groups [18–23]. Now, the
sensitivity of LBL experiments towards their original goals
decreases due to sterile neutrinos. It is seen in case of the CPV
measurement; new CP phases will decrease the sensitivity
towards standard CP phase (𝛿13).This will reduce degeneracy
resolution capacities of LBL experiments. In this paper, we
study hierarchy-𝜃23-𝛿13 degeneracies using contours in 𝜃23-𝛿13 plane and how they are affected by the introduction of
sterile neutrinos. We attempt to find the extent to which these
degeneracies can be resolved in future runs of NO]A and
DUNE.

The outline of the paper is as follows. In Section 2, we
present the experimental specifications of NO]A and DUNE
used in our simulation. We introduce the effect of sterile
neutrino on parameter degeneracies resolution in Section 3.
Section 4 contains the discussion about the degeneracy
resolving capacities of future runs of NO]A and DUNE
assuming latest NO]A results—NH- (normal hierarchy-) LO
(lower octant); NH-HO (higher octant); and IH- (inverted
hierarchy-) HO—as true solutions for both 3 and 3+1models.
Finally, Section 5 contains concluding comments on our
results.

2. Experiment Specifications

We used GLoBES (General Long Baseline Experiment Sim-
ulator) [24, 25] to simulate the data for different LBL experi-
ments including NO]A and DUNE. The neutrino oscillation
probabilities for the 3+1 model are calculated using the new
physics engine available from [26].

NO]A [27, 28] is an LBL experiment which started its
full operation from October 2014. NO]A has two detectors:
the near detector is located at Fermilab (300 ton, 1 km from
NuMI beam target) while the far detector (14 Kt) is located
at Northern Minnesota 14.6 mrad off the NuMI beam axis
at 810 km fromNuMI beam target, justifying “off-axis” in the
name.This off-axis orientation gives us a narrowbeamof flux,
peak at 2 GeV [29]. For simulations, we used NO]A setup
from [30]. We used the full projected exposure of 3.6 × 1021
p.o.t (protons on target) expected after six years of runtime
at 700kW beam power. Assuming the same runtime for
neutrino and antineutrino modes, we get 1.8 × 1021 p.o.t for
each mode. Following [31] we considered 5% normalization
error for the signal and 10% error for the background for
appearance and disappearance channels.

DUNE (Deep Underground Neutrino Experiment) [32,
33] is the next generation LBL experiment. Long Base
Neutrino Facility (LBNF) of Fermilab is the source forDUNE.
Near detector of DUNE will be at Fermilab. Liquid Argon
detector of 40 kt to be constructed at Sanford Underground
Research Facility, situated 1300 km from the beam target,
will act as the far detector. DUNE uses the same source as
of NO]A; we will observe beam flux peak at 2.5GeV. We
used DUNE setup give in [34] for our simulations. Since
DUNE is still in its early stages, we used simplified systematic

treatment, i.e., 5% normalization error on signal and 10%
error on the background for both appearance and disappear-
ance spectra. We give experimental details described above in
tabular form in Tables 1 and 2.

Oscillation parameters are estimated from the data by
comparing observed and predicted ]𝑒 and ]𝜇 interaction
rates and energy spectra. GLoBES calculates event rates of
neutrinos for energy bins taking systematic errors, detector
resolutions, MSW effect due to earth’s crust, etc. into account.
The event rates generated for true and test values are used
to plot 𝜒2 contours. GLoBES uses its inbuilt algorithm
to calculate 𝜒2 values numerically considering parameter
correlations as well as systematic errors. In our calculations
we used 𝜒2 as
𝜒2 = #ofbins∑

i=1
∑

En=E1,E2 ...

(OEn,i − (1 + aF + aEn
)TE,i)2

OEn,i
+ a2F𝜎2F

+ a2En𝜎2En

(1)

where OE1,i,OE2,i . . . are the event rates for the ith bin in
the detectors of different experiments, calculated for true
values of oscillation parameters; TEn,i are the expected event
rates for the 𝑖𝑡ℎ bin in the detectors of different experiments
for the test parameter values; aF, aEn

are the uncertainties
associated with the flux and detectormass; and 𝜎𝐹, 𝜎𝐸𝑛 are the
respective associated standard deviations. The calculated 𝜒2
function gives the confidence level in which tested oscillation
parameter values can be ruled out with referenced data.
It provides an excellent preliminary evaluation model to
estimate the experiment performance.

3. Theory

In a 3+1 sterile neutrino model, the flavour and mass
eigenstates are connected through a 4 × 4 mixing matrix. A
convenient parametrization of the mixing matrix is [36]

𝑈 = 𝑅34𝑅24𝑅14𝑅23𝑅13𝑅12. (2)

Here 𝑅𝑖𝑗 and 𝑅𝑖𝑗 represent real and complex 4 × 4 rotation in
the plane containing the 2 × 2 subblock in (i, j) subblock

𝑅2×2𝑖𝑗 = ( 𝑐𝑖𝑗 𝑠𝑖𝑗
−𝑠𝑖𝑗 𝑐𝑖𝑗) 𝑅𝑖𝑗2×2 = ( 𝑐𝑖𝑗 𝑠𝑖𝑗

−𝑠𝑖𝑗∗ 𝑐𝑖𝑗) (3)

where, 𝑐𝑖𝑗 = cos 𝜃𝑖𝑗, 𝑠𝑖𝑗 = sin 𝜃𝑖𝑗, 𝑠𝑖𝑗 = 𝑠𝑖𝑗𝑒−𝑖𝛿𝑖𝑗 , and 𝛿𝑖𝑗 are the
CP phases.

There are three mass-squared difference terms in 3+1
model: Δm221(solar)≃ 7.5 × 10−5eV2, Δm231 (atmospheric)≃2.4 × 10−3eV2, and Δm241(sterile)≃ 1eV2. The mass-squared
difference term towards which the experiment is sensitive
depends on L/E of the experiment. Since SBL experiments
have a very small L/E, sin2(Δ𝑚2𝑖𝑗𝐿/4𝐸) ≃ 0 for Δm221
and Δm231. Δm241 term survives. Hence, SBL experiments
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Table 1: Details of experiments.

Name of Exp NO]A DUNE
Location Minnesota South Dakota
POT(𝑦𝑟−1) 6.0x1020 1.1x1021
Baseline(Far/Near) 812 km/1km 1300 km/500 m
Target mass(Far/Near) 14 kt/290 t 40 kt/8 t
Exposure(years) 6 10
Detector type Tracking Calorimeters LArTPCs

Table 2: Systematic errors associated with NO]A and DUNE.

Name of Exp Rule Normalization error
signal(%) background(%)

NO]A

]𝑒 appearance 5 10
]𝜇 disappearance 2 10
]𝑒 appearance 5 10

]𝜇 disappearance 2 10

DUNE

]𝑒 appearance 5 10
]𝜇 disappearance 5 10
]𝑒 appearance 5 10

]𝜇 disappearance 5 10

depend only on sterile mixing angles and are insensitive
to the CP phases. The oscillation probability, P𝜇𝑒 for LBL
experiments in 3+1 model, after averaging Δm241 oscillations
and neglecting MSW effects, [37] is expressed as sum of the
four terms

𝑃4]𝜇𝑒 ≃ 𝑃1 + 𝑃2 (𝛿13) + 𝑃3 (𝛿14 − 𝛿24)
+ 𝑃4 (𝛿13 − (𝛿14 − 𝛿24)) . (4)

These terms can be approximately expressed as follows:

𝑃1 = 12 sin22𝜃4]𝜇𝑒 + [𝑎2sin22𝜃3]𝜇𝑒 − 14sin22𝜃13sin22𝜃4]𝜇𝑒]
⋅ sin2Δ 31 + [𝑎2𝑏2 − 14 sin22𝜃12
⋅ (cos4𝜃13sin22𝜃4]𝜇𝑒 + 𝑎2sin22𝜃3]𝜇𝑒)] sin2Δ 21,

(5)

𝑃2 (𝛿13) = 𝑎2𝑏 sin 2𝜃3]𝜇𝑒 (cos 2𝜃12 cos 𝛿13sin2Δ 21 − 12
⋅ sin 𝛿13 sin 2Δ 21) ,

(6)

𝑃3 (𝛿14 − 𝛿24) = 𝑎𝑏 sin 2𝜃4]𝜇𝑒cos2𝜃13 [cos 2𝜃12
⋅ cos (𝛿14 − 𝛿24) sin2Δ 21 − 12 sin (𝛿14 − 𝛿24)
⋅ sin 2Δ 21] ,

(7)

𝑃4 (𝛿13 − (𝛿14 − 𝛿24)) = 𝑎 sin 2𝜃3]𝜇𝑒 sin 2𝜃4]𝜇𝑒 [cos 2𝜃13
⋅ cos (𝛿13 − (𝛿14 − 𝛿24)) sin2Δ 31 + 12
⋅ sin (𝛿13 − (𝛿14 − 𝛿24)) sin 2Δ 31 − 14 sin22𝜃12
⋅ cos2𝜃13 cos (𝛿13 − (𝛿14 − 𝛿24)) sin2Δ 21] ,

(8)

with the parameters defined as

Δ 𝑖𝑗 ≡ Δ𝑚2𝑖𝑗𝐿4𝐸 , a function of baseline (L)
and neutrino energy (E)

𝑎 = cos 𝜃14 cos 𝜃24,
𝑏 = cos 𝜃13 cos 𝜃23 sin 2𝜃12,
sin 2𝜃3]𝜇𝑒 = sin 2𝜃13 sin 𝜃23,
sin 2𝜃4]𝜇𝑒 = sin 2𝜃14 sin 𝜃24.

(9)

The CP phases introduced due to sterile neutrinos persist
in the P𝜇𝑒 even after averaging out Δm241 lead oscillations.
Last two terms of (4) give the sterile CP phase dependence
terms. P3(𝛿14 − 𝛿24) depends on the sterile CP phases 𝛿14 and𝛿24, while P4 depends on a combination of 𝛿13 and 𝛿14 − 𝛿24.
Thus, we expect LBL experiments to be sensitive to sterile
phases. We note that the probability P𝜇𝑒 is independent 𝜃34.
One can see that 𝜃34 will effect P𝜇𝑒 if we consider earth
mass effects. Since matter effects are relatively small for
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Figure 1:The oscillation probability P𝜇𝑒 as a function of energy.The top (bottom) panel is NO]A (DUNE).The bands correspond to different
values of 𝛿14, ranging from -180∘ to 180∘ when 𝛿24 = 0∘. Inside each band, the probability for 𝛿14 = 90∘ (𝛿14 = -90∘) case is shown as the solid
(dashed) line. The left (right) panel corresponds to neutrinos (antineutrinos).

NO]A and DUNE, their sensitivity towards 𝜃34 is negligible.
The amplitudes of atmospheric-sterile interference term (8)
and solar-atmospheric interference term (6) are of the same
order. This new interference term reduces the sensitivity of
experiments to the standard CP phase (𝛿13).

In Figure 1, we plot the oscillation probability (P𝜇𝑒) as
a function of energy while varying 𝛿14 (-180∘ to 180∘) and
keeping 𝛿24 = 0 for the three best-fit values of latest NO]A
results [35], i.e., NH-LO-1.48𝜋[𝛿13], NH-HO-0.74𝜋, and IH-
HO-1.48𝜋, where HO implies sin2𝜃23 = 0.62 and LO implies
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Figure 2:The oscillation probability P𝜇𝑒 as a function of energy.The top (bottom) panel is NO]A (DUNE).The bands correspond to different
values of 𝛿24, ranging from -180∘ to 180∘when 𝛿14 = 0∘. Inside each band, the probability for 𝛿24 =90∘ (𝛿24 = -90∘) case is shown as solid (dashed)
line.The left (right) panel is for neutrinos (antineutrinos).

sin2𝜃23 = 0.40. For the flux peak of NO]A, E ≈ 2GeV,
we observe a degeneracy between all best-fit values due to
the presence of 𝛿14 band for neutrino case, while only NH-
HO and IH-HO bands overlap in antineutrino case. We see
that 𝛿14 phase decreases both octant and hierarchy resolution
capacity for neutrino case and only mass hierarchy resolution

capacity for antineutrino case. The second row plots P𝜇𝑒
for DUNE at baseline 1300 km. We observe smaller overlap
between bands compared to NO]A. Thus, the decrease of
degeneracy resolution capacity for DUNE is less than NO]A.
Similarly we plot P𝜇𝑒 while varying 𝛿24(-180∘ to 180∘) in
Figure 2 and keeping 𝛿14 = 0∘. We see that 𝛿24 has similar



6 Advances in High Energy Physics

Table 3: Oscillation parameters considered in numerical analysis. The sin2𝜃23 and 𝛿13 are taken from latest NO]A results [35].

Parameter True value Marginalization Range
sin2𝜃12 0.304 Not Marginalized
sin22𝜃13 0.085 [0.075,0.095]
sin2𝜃23 0.623(HO),0.404(LO) [0.32,0.67]
sin2𝜃14 0.025 Not Marginalized
sin2𝜃24 0.025 Not Marginalized
sin2𝜃34 0.025 Not Marginalized𝛿13 135(NH-HO),-90(NH-LO,IH) [-180,180]𝛿14 [-180,180] [-180,180]𝛿24 [-180,180] [-180,180]Δ𝑚221 7.50 × 10−5 eV2 Not MarginalizedΔ𝑚231(NH) 2.40 × 10−3 eV2 Not MarginalizedΔ𝑚231(IH) −2.33 × 10−3 eV2 Not MarginalizedΔ𝑚241 1 eV2 Not Marginalized

effect to that of 𝛿14; the only change is reversal of 𝛿24 band
extrema; i.e., 𝛿24 = −90∘ gives the same result as 𝛿14 = 90∘ and
vice versa.This can be explained using (4) in whichwe see 𝛿14
and 𝛿24 are always together with opposite signs. Overall from
the probability plots, we observe that the addition of new
CP phases decreases octant and mass hierarchy resolution
capacities.

In the next section, we explore how parameter degenera-
cies are affected in the 3+1 model and the extent to which
these degeneracies can be resolved in future runs of NO]A
and DUNE.

4. Results for NO^A and DUNE

We explore allowed regions in sin2𝜃23-𝛿𝑐𝑝 plane from NO]A
and DUNE simulation data with different runtimes, consid-
ering latest NO]A results as true values. Using combined
analysis of the disappearance and appearance data, NO]A
reported preferred solutions [35] at normal hierarchy (NH)
with two degenerate best-fit points: one in the lower octant
(LO) and 𝛿𝑐𝑝 = 1.48𝜋 and the other in higher octant (HO)
and 𝛿𝑐𝑝 = 0.74𝜋. Another solution of inverted hierarchy (IH),
0.46𝜎 away from best fit, is also reported. Table 3 shows true
values of oscillation parameters and their marginalization
ranges we used in our simulation. By studying the allowed
regions, we understand the extent to which future runs of
NO]A and DUNEwill resolve these degeneracies, if the best-
fit values are true values.

In the first row of Figure 3, we show allowed areas for
NO]A[3+0]. In first plot of first row, we show 90% C.L
allowed regions for true values of 𝛿13 = 135∘ and 𝜃23 =52∘ and normal hierarchy. We plot test values for both NH
and IH, of 3 and 3+1 neutrino models. We observe that
introducing sterile neutrino largely decreases the precision of𝜃23.TheWO-RH region, for 3] case confined between 45∘ and−180∘ of 𝛿13, confines the whole 𝛿13 region for 4] case. The
WH-RO region of 3] case doubles, covering the entire region
of 𝛿13 for 4] case.The 3+1model also introduces a small WH-
WO region, which was absent in 3]model. In the second plot

of first row (true value 𝛿13 = −90∘, 𝜃23 = 40∘ and normal
hierarchy), for the 3] case, we see RH-RO region excluding45∘ to 150∘ of 𝛿13, while RH-WO region covers the whole
of the 𝛿13 region. In 3+1 model, both RH-RO and RH-WO
regions cover the whole of the 𝛿13 region. WH-RO solution
occupies a small region for 3] case, covering half of 𝛿13 region
for 4] case.WH-WO region covers thewhole of the 𝛿13 region
for 4] case. In the third plot of first row, true values are taken
as 𝛿13 = −90∘, 𝜃23 = 52∘ and inverted hierarchy. The RH-RO
region covers the entire range of 𝛿13 for both 3] and 4] case,
whereas RH-WO region almost doubles from 3] case to 4]
case. A small range of 𝛿13 excluded fromWH-RO for 3] case
is covered in 4] case. WH-WO region of 3] case excludes 60∘
to 150∘ of 𝛿13 while full 𝛿13 range is covered for 4] case.

In the second rowof the figure, we plot allowed regions for
NO]A[3+1]. We take true values as best-fit points obtained
by NO]A. We observe an increase in precision of parameter
measurement, due to an increase in statistics, from added 1 yr
of antineutrino run. In the first plot of the second row, the
RH-RO octant region covers entire 𝛿13 range for both 3] and
4] case. RH-WO region includes −180∘ to 45∘ of 𝛿13 for 3]
case, while the whole range of 𝛿13 is covered in 4] case. A
slight increase in the area of WH-RO is observed form 3] to
4] case. 4] introducesWH-WOregionwhichwas resolved for
3] case. In the second plot, RH-RO region allows full range
of 𝛿13 for 4] case, while it was restricted to lower half of CP
range in 3] case. We see that WH-RO solution, which was
resolved in 3] case, is reintroduced in 4] case. We also see a
slight increase in the size of WH-WO solution from 3] to 4].
In third plot, RH-RO region covers the whole CP range for
4]while 35∘ to 125∘ of 𝛿13 are excluded in 3] case.The almost
resolved RH-WOsolution for 3] doubles for 4] case.WH-RO
and WH-WO cover the entire region of 𝛿13 for 4] case.

In the third row,we show allowed regions forNO]A[3+3].
In the first plot, it can be seen that small area of RH-WO
in case of 3] now covers the whole of 𝛿13 region for 4]
case. While the 3] case has WH-W𝛿13 degeneracy, 4] case
introduces equal sizedWH-WO-W𝛿13 degeneracy. In second
plot, for 3] case most of 𝛿13 values above 0∘ are excluded, but
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Figure 3: Contour plots of allowed regions in the test plane, 𝜃23 versus 𝛿13, at 90% C.I with top, middle, and bottom rows for NO]A runs of3 + 0, 3 + 1, and 3 + 3 years, respectively.

for 4] case we see that contour covers the whole of 𝛿13 range.
Already present small area of RH-WO of 3] is also increased
for 4] case. 4] case also introduces a small region of WH
solutions which were not present in 3] case. In the third plot,

we see that 4] introduces RH-WO region of the almost equal
size of RH-RO region of 3] case.Weobserved a slight increase
in WH-RO region for 4] over 3] case, while the WH-WO
region almost triples for 4] case.
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Figure 4: Contour plots of allowed regions in the test plane 𝜃23 versus 𝛿13 at 99% C.L with top, middle, and bottom rows for DUNE runs of1 + 0, 1 + 1 years and DUNE[1 + 1]+NO]A[3 + 3], respectively.
In Figure 4, we show allowed parameter regions for

DUNE experiment for different runtimes. DUNE, being the
next generation LBL experiment, is expected to have excellent
statistics. Hence, we plot 99% C.L regions for DUNE. In the

first row of Figure 4, we show 99% C.L for DUNE[1+0]. In
the first plot, RH-RO region covers the entire 𝛿13 range for
both 3] and 4] case. The RH-WO region which covers only
lower half of 𝛿13 region for 3] case covers the whole range
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Figure 5: Contour plots of allowed regions in the test plane 𝜃23 versus 𝛿13 at 99% C.L with top and bottom rows for DUNE[5 + 5] and
NO]A[3 + 3] + DUNE[5 + 5], respectively.

for 4] case. A small region of WH is also observed. In the
second plot we see that all WH solutions are resolved. RH-
WO covers the whole range of 𝛿13 for both 3] and 4] case.
RH-RO solutions exclude 0∘ to 155∘ of 𝛿13 for 3] case, while20∘ to 100∘ of 𝛿13 are excluded for 4] case. In third plot, we see
that 4] case extends RH-RO to the whole range of 𝛿13 while30∘ to 140∘ of 𝛿13 were excluded for 3] case. We can see that
DUNE clearly has better precision than NO]A experiment.
In the second row, we show allowed regions for DUNE[1+1].
We see theWHsolutions are resolved for both 3] and 4] cases
for all the best-fit values. In the first plot, 4] case introduces
RH-WO solution of similar size as RH-RO region of 3] case.
In the second plot, there is no considerable change in 4],
compared to 3] case for RH-RO region, while RH-WOoctant
is approximately doubled for 4] case compared to 3] case.
In the third plot, 4] case introduces small region of RH-
WO which covers −45∘ to −170∘ of 𝛿13. In the third row, we
combine statistics of DUNE[1+1] and NO]A[3+3]. There is
a small improvement in precision from the combined result
over the result from DUNE[1+1] alone. In the first plot, we

see that a small RH-WO region is introduced by 4] case. In
the second plot, there is no considerable change between 3]
and 4] case for RH-RO region, while RH-WO octant almost
doubles over 3] case for 4] case. In the third plot, 4] case
introduces small region of RH-WO which covers −35∘ to−160∘ of 𝛿13.

In Figure 5, we show allowed parameter regions for
DUNE experiment, at 99% C.L for DUNE[5+5]. We see
that WH regions completely disappear for all the true value
assumptions. In the first plot, RH-RO region covers a small𝛿13 range for both 3] and 4] case indicating high precision
measurement capacity of DUNE. We see that 𝛿13 range for
4] case is approximately doubled as compared to the 3]
case. A small region of RH-WO is observed for 4] case. In
the second plot, RH-RO region covers small 𝛿13 range of
equal area for both 3] and 4] case. A small region of RH-
WO is observed for 4] case. In the third plot, the RH-WO
solution is resolved. There is an increase in precision due
to an increase in statistics. DUNE[5+5] clearly has a better
precision compared to the NO]A[3+3] experiment. In the
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second row, we combine full run of NO]A and DUNE to
check their degeneracy resolution capacity.TheWHsolutions
are resolved for both 3] and 4] cases for all the best-fit
values. In the first plot, RH-WO solution is almost resolved
for 4] case. In the second plot, RH-RO region covers small𝛿13 range of equal area for both 3] and 4] case. A small
region of RH-WO is observed for 4] case.We observe a slight
improvement in degeneracy resolution, on consideration
of combined statistics of full run DUNE and NO]A, over
DUNE[5+5].
5. Conclusions

We have discussed how the presence of a sterile neutrino
will affect the physics potential of the proposed experiment
DUNE and future runs of NO]A, in the light of latest NO]A
results [35]. The best-fit parameters reported by NO]A still
contain degenerate solutions. We attempt to see the extent to
which these degeneracies could be resolved in future runs for
the 3+1 model. Latest NO]A best-fit values are taken as our
true values. First, we show the degeneracy resolution capacity,
for future runs of NO]A.We conclude that NO]A[3+3] could
resolve WH-WO solutions for first two true value cases, at
90% C.L for 3] case, but not for 4] case. DUNE[1+1] could
resolve WH and RH-W𝛿𝑐𝑝 solutions for both 3] and 4] case.
WO degeneracy is resolved for 3] case at 99% C.L except
for small RH-WO region for the second case of true values.
DUNE[1+1] combined with NO]A[3+3] shows increased
sensitivity towards degeneracy resolution. Finally, for the full
planned run of DUNE[5+5], all the degeneracies are resolved
at 99% C.L for 3] case while a tiny region of WO lingers
on for 4] case. For combined statistics of DUNE[5+5] and
NO]A[3+3], we observe that all the degeneracies are resolved
at 99% C.L for both 3] and 4] case except for the NH-LO
case. Thus, we conclude that NO]A and DUNE experiments
together can resolve all the degeneracies at 99% C.L even in
the presence of sterile neutrino, if one of the current best-fit
values of NO]A is the true value.
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Event detection rates forWIMP-nucleus interactions are calculated for 71Ga, 73Ge, 75As, and 127I (direct darkmatter detectors).The
nuclear structure form factors, which are rather independent of the underlying beyond the StandardModel particle physics scenario
assumed, are evaluatedwithin the context of the deformed nuclear shell model (DSM) based onHartree-Fock nuclear states. Along
with the previously publishedDSM results for 73Ge, the neutrino-floor due to coherent elastic neutrino-nucleus scattering (CE]NS),
an important source of background to dark matter searches, is extensively calculated. The impact of new contributions to CE]NS
due to neutrino magnetic moments and𝑍�耠 mediators at direct dark matter detection experiments is also examined and discussed.
The results show that the neutrino-floor constitutes a crucial source of background events formulti-ton scale detectorswith sub-keV
capabilities.

1. Introduction

In the last few decades, the measurements of the cosmic
microwave background (CMB) radiation offered a remark-
ably powerful way of modelling the origin of cosmic-ray
anisotropies and constraining the geometry, the evolution,
and the matter content of our universe. Such observations
have in general indicated the consistency of the standard
cosmological model [1] and the fact that our universe hardly
contains ∼ 5% luminous matter, whereas the remainder con-
sists of nonluminous dark matter (∼ 23%) and dark energy
(∼ 72%) [2]. After the discovery of the CMB fluctuations
by the Cosmic Background Explorer (COBE) satellite [3],
the extremely high precision of the WMAP satellite and
especially of the Planck third-generation space mission has
helped us to produce maps for the CMB anisotropies and
other cosmological parameters (see [4] for details). We also
mention that high-resolution ground-based CMB data, like
those of theAtacamaCosmologyTelescope (ACT) [5] and the

SouthPole Telescope (SPT) [6] have recovered the underlying
CMB spectra observed by the space missions.

Focusing on the topic we address in this work, it is worth
noting that the CMB data, the Supernova Cosmology project
[7], and so on suggest that most of the dark matter of the
universe is cold. Furthermore, the baryonic cold dark matter
(CDM) component can be considered to consist of either
massive compact halo objects (MACHOs) like neutron stars,
white dwarfs, Jupiters, etc. or Weakly Interacting Massive
Particles (WIMPs) that constantly bombard Earth’s atmo-
sphere. Several results of experimental searches suggest that
the MACHO fraction should not exceed a portion of about
20% [1]. On the theoretical side, within the framework of new
physics beyond the Standard Model (SM), supersymmetric
(SUSY) theories provide promising nonbaryonic candidates
for dark matter [8] (for a review see [9]). In the simple
picture, the dark matter in the galactic halo is assumed to
be Weakly Interacting Massive Particles (WIMPs). The most
appealing WIMP candidate for nonbaryonic CDM is the
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lightest supersymmetric particle (LSP) which is expected to
be a neutral Majorana fermion traveling with nonrelativistic
velocities [10].

In recent years, there have been considerable theoretical
and experimental efforts towards WIMP detection through
several nuclear probes [11–13]. Popular target nuclei include
among others the 71Ga, 73Ge, 75As, 127I, 134Xe, and 208Pb
isotopes [14, 15]. Towards the first ever dark matter detection,
a great number of experimental efforts take place aiming
at measuring the energy deposited after the galactic halo
WIMPs scatter off the nuclear isotopes of the detection
material. Because of the low count rates, due to the fact
that the WIMP-nucleus interaction is remarkably weak, the
choice of the detector plays very important role and for
this reason spin-dependent interactions require the use of
targets with nonzero spin.TheCryogenic DarkMatter Search
(CDMS) experimental facility [16] has been designed to
directly detect the dark matter by employing a 73Ge as
the target nucleus, setting the most sensitive limits on the
interaction of WIMP with terrestrial materials to date. The
development of upgrades is under way and will be located
at SNOLAB. Another prominent dark matter experiment
is the EDELWEISS facility in France [17] which uses high
purity germanium cryogenic bolometers at milli-Kelvin tem-
peratures. There are also other experimental attempts using
detectors like 127I, 129,131Xe, 133Cs, etc. (see [18–20]).

Inevitably, direct detection experiments are exposed to
various neutrino emissions, such as those originating from
astrophysical sources (e.g., Solar [21], Atmospheric [22, 23],
and diffuse Supernova [24] neutrinos), Earth neutrinos
(Geoneutrinos [25]), and in other cases even artificial ter-
restrial neutrinos (e.g., neutrinos from nearby reactors [26]).
The subsequent neutrino interactions with the material of
dark matter detectors, namely, the neutrino-floor, may per-
fectly mimic possible WIMP signals [27]. Thus, the impacts
of the neutrino-floor on the relevant experiments looking
for CDM as well as on the detector responses to neutrino
interactions need be comprehensively investigated. Since
Geoneutrino fluxes are relatively low, astrophysical neutrinos
are recognised as themost significant background source that
remains practically irreducible [28]. The recent advances of
direct detection dark matter experiments, mainly due to the
development of low threshold technology and high detection
efficiency, are expected to reach the sensitivity frontiers
in which astrophysical neutrino-induced backgrounds are
expected to limit the observation potential of the WIMP
signal [29].

In this work, we explore the impact of the most important
neutrino background source on the relevant direct dark mat-
ter detection experiments by concentrating on the dominant
neutrino-matter interaction channel, e.g., the coherent elastic
neutrino-nucleus scattering (CE]NS) [30, 31]. It is worth-
while to mention that events of this process were recently
measured for the first time by the COHERENT experiment
at the Spallation Neutrino Source [32], completing the SM
picture of electroweak interactions at low energies. Such
a profound discovery motivated our present work and we
will make an effort to shed light on the nuclear physics

aspects. Neutrino nonstandard interactions (NSIs) [33] may
constitute an important source of neutrino background and
have been investigated recently in [34, 35]. Thus, apart from
addressing the SM contributions to CE]NS [36], we also
explore the impact of new physics contributions that arise
in the context of electromagnetic (EM) neutrino properties
[37, 38] aswell as of those emerging in the framework of𝑈(1)�耠
gauge interactions [39] due to the presence of new light 𝑍�耠
mediators [40, 41]. The aforementioned interaction channels
may lead to a novel neutrino-floor as demonstrated by [42].
The latter could be detectable in view of the constantly
increasing sensitivity of the upcoming direct detection exper-
iments with multi-ton mass scale and sub-keV capabilities
[43].

Direct detection dark matter experiments are currently
entering a precision era, and nuclear structure effects are
expected to become rather important and should be incor-
porated in astroparticle physics applications [45]. For this
reason, our nuclear model is at first tested in its capabilities
to adequately describe the nuclear properties before being
applied to problems like dark matter detection. This work
considers the deformed shell model (DSM), on the basis of
Hartree-Fock (HF) deformed intrinsic states with angular
momentum projection and band mixing [46], all with a
realistic effective interaction and a set of single-particle states
and single-particle energies, which is established to be rather
successful in describing the properties of nuclei in the mass
range 𝐴 = 60–90 (see [47] for details regarding DSM and its
applications). In particular, the DSM is employed for calcu-
lating the required nuclear structure factors entering the dark
matter and neutrino-floor expected event rates by focusing on
four interesting nuclei regarding dark matter investigations
such as 71Ga, 73Ge, 75As, and 127I. Let us add that details
of nuclear structure and dark matter event rates for 73Ge
obtained using DSM have been reported recently [48].

The paper has been organised as follows. Section 2 gives
the main ingredients of WIMP-nucleus scattering, while
Section 3 provides the formulation for neutrino-nucleus
scattering (neutrino-floor) within and beyond the SM. Then
in Section 4 we describe briefly the methodology of the DSM,
and the main results of the present work are presented and
discussed in Section 5. Finally, the concluding remarks are
drawn in Section 6.

2. Searching WIMP Dark Matter

TheEarth is exposed to a huge number ofWIMPs originating
from the galactic halo.Their direct detection through nuclear
recoil measurements after scattering off the target nuclei
at the relevant dark matter experiments is of fundamental
interest in modern physics and is expected to have a direct
impact on astroparticle physics and cosmology. In this
section we discuss the mathematical formulation of WIMP-
nucleus scattering. The formalism introduces an appropriate
separation of the SUSY and nuclear parts entering the event
rates ofWIMP-nucleus interactions in our effort to emphasise
the important role played by the nuclear physics aspects. In
particular we perform reliable nuclear structure calculations
within the context of DSM based on Hartree-Fock states.
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2.1. WIMP-Nucleus Scattering. For direct detection dark
matter experiments, the differential event rate of a WIMP
with mass 𝑚�휒 scattering off a nucleus (𝐴, 𝑍) with respect to
the momentum transfer 𝑞 can be cast in the form [1]

𝑑𝑅 (𝑢, 𝜐)𝑑𝑞2 = 𝑁�푡𝜙 𝑑𝜎𝑑𝑞2𝑓 (𝜐) 𝑑3𝜐, (1)

where 𝑁�푡 = 1/(𝐴𝑚�푝) denotes the number of target nuclei
per unit mass, 𝐴 stands for the mass number of the target
nucleus, and 𝑚�푝 is the proton mass. In the above expression
the WIMP flux is 𝜙 = 𝜌0𝜐/𝑚�휒, with 𝜌0 being the local
WIMP density. The distribution of WIMP velocity relative
to the detector (or Earth) and also the motion of the
Sun and Earth, 𝑓(𝜐), is taken into account and assumed
to resemble a Maxwell-Boltzmann distribution to ensure
consistency with the LSP velocity distribution. Note that, by
neglecting the rotation of Earth in its own axis, 𝜐 = |k|
accounts for the relative velocity of WIMP with respect to
the detector. For later convenience a dimensionless variable𝑢 = 𝑞2𝑏2/2 is introduced with 𝑏 denoting the oscillator length
parameter, and the correspondingWIMP-nucleus differential
cross section in the laboratory frame reads [10, 15, 48–50]

𝑑𝜎 (𝑢, 𝜐)𝑑𝑢 = 12𝜎0 ( 1𝑚�푝𝑏)
2 𝑐2𝜐2 𝑑𝜎�퐴 (𝑢)𝑑𝑢 , (2)

with

𝑑𝜎�퐴𝑑𝑢 = [𝑓0�퐴Ω0 (0)]2 𝐹00 (𝑢)
+ 2𝑓0�퐴𝑓1�퐴Ω0 (0) Ω1 (0) 𝐹01 (𝑢)
+ [𝑓1�퐴Ω1 (0)]2 𝐹11 (𝑢) +M2 (𝑢) .

(3)

The first three terms account for the spin contribution due
to the axial current, while the fourth term accounts for the
coherent contribution arising from the scalar interaction.The
coherent contribution is expressed in terms of the nuclear
form factors given as

M
2 (𝑢) = (𝑓0�푆 [𝑍𝐹�푍 (𝑢) + 𝑁𝐹�푁 (𝑢)]
+ 𝑓1�푆 [𝑍𝐹�푍 (𝑢) − 𝑁𝐹�푁 (𝑢)])2 .

(4)

The coherent part in the approximation of nearly equal
proton and neutron nuclear form factors 𝐹�푍(𝑢) ≈ 𝐹�푁(𝑢) is
given as

M
2 (𝑢) = 𝐴2 (𝑓0�푆 − 𝑓1�푆 𝐴 − 2𝑍𝐴 )2 |𝐹 (𝑢)|2 . (5)

The respective values of the nucleonic-current parameters𝑓0�푉 ,𝑓1�푉 for the isoscalar and isovector parts of the vector current
(not shown here), 𝑓0�퐴, 𝑓1�퐴 for the isoscalar and isovector parts
of the axial-vector current, and 𝑓0�푆 , 𝑓1�푆 for the isoscalar and
isovector parts of the scalar current depend on the specific
SUSY model employed [51]. The spin structure functions

𝐹�휌�휌(𝑢) with 𝜌, 𝜌�耠 = 0, 1 for the isoscalar and isovector
contributions, respectively, take the form

𝐹�휌�휌 (𝑢) = ∑
�휆,�휅

Ω(�휆,�휅)
�휌 (𝑢)Ω(�휆,�휅)

�휌
(𝑢)

Ω�휌 (0) Ω�휌 (0) , (6)

with

Ω(�휆,�휅)
�휌 (𝑢) = √ 4𝜋2𝐽�푖 + 1 × ⟨𝐽�푓

 |
�퐴∑
�푗=1

[𝑌�휆 (Ω�푗) ⊗ 𝜎 (𝑗)]�휅 𝑗�휆 (√𝑢𝑟�푗)𝜔�휌 (𝑗) | 𝐽�푖⟩ .
(7)

Here, 𝜔0(𝑗) = 1 and 𝜔1(𝑗) = 𝜏(𝑗) with 𝜏 = +1 for protons and𝜏 = −1 for neutrons, while Ω�푗 represents the solid angle for
the position vector of the 𝑗-th nucleon and 𝑗�휆 stands for the
well-known spherical Bessel function.Thequantities Ω�휌(0) =Ω(0,1)

�휌 (0) are the static spin matrix elements (see, e.g., [8]). In
this context, the WIMP-nucleus event rate per unit mass of
the detector is conveniently written as

⟨𝑅⟩ = (𝑓0�퐴)2𝐷1 + 2𝑓0�퐴𝑓1�퐴𝐷2 + (𝑓1�퐴)2𝐷3

+ 𝐴2 (𝑓0�푆 − 𝑓1�푆 𝐴 − 2𝑍𝐴 )2 |𝐹 (𝑢)|2𝐷4.
(8)

The functions 𝐷�푖 enter the definition of the WIMP-nucleus
event rate through the three-dimensional integrals, given by

𝐷�푖 = ∫1
−1
𝑑𝜉∫�휓max

�휓min

𝑑𝜓∫�푢max

�푢min

𝐺 (𝜓, 𝜉)𝑋�푖𝑑𝑢, (9)

with

𝑋1 = [Ω0 (0)]2 𝐹00 (𝑢) ,
𝑋2 = Ω0 (0)Ω1 (0) 𝐹01 (𝑢) ,
𝑋3 = [Ω1 (0)]2 𝐹11 (𝑢) ,
𝑋4 = |𝐹 (𝑢)|2 .

(10)

In the latter expression, 𝐷1, 𝐷2, and 𝐷3 account for the
spin-dependent parts of (3), while 𝐷4 is associated with the
coherent contribution.

In this work, the nuclear wave functions ⟨𝐽�푓| and |𝐽�푖⟩
entering (7) are calculatedwithin the nuclearDSMof [46, 47].
For a comprehensive discussion on the explicit form of the
function 𝐺(𝜓), the integration limits of (9) and the various
parameters entering into these, the reader is referred to [48].

3. Neutrino-Nucleus Scattering

The neutrino-floor stands out as an important source of irre-
ducible background to WIMP searches at a direct detection
experiment. In this work we explore the neutrino-floor due
to neutrino-nucleus scattering since the corresponding floor
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Table 1: Solar neutrino fluxes and uncertainties in the framework of the employed high metallicity SSM (for details, see the text).

type 𝐸]max
[MeV] flux [cm−2s−1]

𝑝𝑝 0.423 (5.98 ± 0.006) × 1010𝑝𝑒𝑝 1.440 (1.44 ± 0.012) × 108ℎ𝑒𝑝 18.784 (8.04 ± 1.30) × 103
7Below 0.3843 (4.84 ± 0.48) × 108
7Behigh 0.8613 (4.35 ± 0.35) × 109
8B 16.360 (5.58 ± 0.14) × 106
13N 1.199 (2.97 ± 0.14) × 108
15O 1.732 (2.23 ± 0.15) × 108
17F 1.740 (5.52 ± 0.17) × 106

coming from neutrino-electron scattering is relatively low
[52]. Motivated by the novel neutrino interaction searches
using reactor neutrinos of [42], here we consider vari-
ous astrophysical neutrino sources in our calculations that
involve the conventional and beyond the SM interactions
channels (see below).

3.1. Differential Event Rate at Dark Matter Detectors. For a
given interaction channel 𝑥 = SM,EM, 𝑍�耠, the differential
event rate 𝑑𝑅]/𝑑𝑇�푁 of CE]NS processes at a dark matter
detector is obtained through the convolution of the nor-
malised neutrino energy distribution 𝜆](𝐸]) of the back-
ground neutrino source in question (i.e., Solar, Atmospheric
and Diffuse Supernova Neutrinos, as seen below) with the
CE]NS cross section, as follows [53]:

( 𝑑𝑅]𝑑𝑇�푁)x =K∫
�퐸max
]

�퐸min
]

𝜆] (𝐸]) 𝑑𝜎x𝑑𝑇�푁 (𝐸], 𝑇�푁) 𝑑𝐸], (11)

where 𝐸max
] is the maximum neutrino energy of the source

in question (for the case of Solar neutrinos see, e.g., Table 1)
and 𝐸min

] = √𝑀𝑇�푁/2 is the minimum neutrino energy
that is required to yield a nuclear recoil with energy 𝑇�푁. In
the latter expression K = 𝑡run𝑁targΦ] with 𝑡run being the
exposure time, 𝑁targ is the number of target nuclei and Φ]
is the assumed neutrino flux.

3.1.1. Standard Model Interactions. Assuming SM interac-
tions only, at low and intermediate neutrino energies 𝐸] ≪𝑀�푊, the weak neutral-current CE]NS process is ade-
quately described by the four-fermion effective interaction
Lagrangian [33, 36]

LSM = −2√2𝐺�퐹 ∑
�푓=�푢,�푑
�훼=�푒,�휇,�휏

𝑔�푓,�푃�훼�훼 []�훼𝛾�휌𝐿]�훼] [𝑓𝛾�휌𝑃𝑓] , (12)

where 𝑃 = {𝐿, 𝑅} denote the chiral projectors, 𝛼 = {𝑒, 𝜇, 𝜏}
represents the neutrino flavour, and 𝑓 = {𝑢, 𝑑} is a first
generation quark. By including the radiative corrections of

[54], the 𝑃-handed couplings of the 𝑓 quarks to the 𝑍-boson
are expressed as

𝑔�푢,�퐿�훼�훼 = 𝜌�푁�퐶
]�푁 (12 − 23𝜅]�푁𝑠2�푍) + 𝜆�푢,�퐿,

𝑔�푑,�퐿�훼�훼 = 𝜌�푁�퐶
]�푁 (−12 + 13 �̂�]�푁𝑠2�푍) + 𝜆�푑,�퐿,

𝑔�푢,�푅�훼�훼 = 𝜌�푁�퐶
]�푁 (−23𝜅]�푁𝑠2�푍) + 𝜆�푢,�푅,

𝑔�푑,�푅�훼�훼 = 𝜌�푁�퐶
]�푁 (13 �̂�]�푁𝑠2�푍) + 𝜆�푑,�푅,

(13)

with 𝑠2�푍 = sin2𝜃�푊 = 0.2312, 𝜌�푁�퐶
]�푁 = 1.0086, �̂�]�푁 = 0.9978,𝜆�푢,�퐿 = −0.0031, 𝜆�푑,�퐿 = −0.0025, and 𝜆�푑,�푅 = 2𝜆�푢,�푅 = 7.5×10−5.

In this work we restrict our study only to lowmomentum
transfer in order to satisfy the coherent condition |q| ≤ 1/𝑅�퐴,
where 𝑅�퐴 is the nuclear size and |q| is the magnitude of the
three-momentum transfer [31]. Focusing on the dominant
CE]NS channel, the relevant SM differential cross section
with respect to the nuclear recoil energy 𝑇�푁 takes the form
[41]

𝑑𝜎SM(𝑑𝑇�푁) (𝐸], 𝑇�푁) =
𝐺2�퐹𝑀𝜋 [(Q�푉

�푊)2 (1 − 𝑀𝑇�푁2𝐸2] )
+ (Q�퐴

�푊)2 (1 + 𝑀𝑇�푁2𝐸2] )] ,
(14)

with 𝐸] denoting the neutrino energy and 𝑀 the mass of
the target nucleus. The relevant vector (Q�푉

�푊) and axial-vector
(Q�퐴

�푊) weak charges entering the CE]NS cross section are
given by the relations [55]

Q
�푉
�푊 (𝑄2) = [𝑔�푉�푝𝑍𝐹�푉�푍 (𝑄2) + 𝑔�푉�푛𝑁𝐹�푉�푁 (𝑄2)] ,

Q
�퐴
�푊 (𝑄2)
= [𝑔�퐴�푝 (𝑍+ − 𝑍−) + 𝑔�퐴�푛 (𝑁+ − 𝑁−)] 𝐹�퐴 (𝑄2) .

(15)

Here, 𝑍± (𝑁±) stands for the number of protons (neutrons)
with spin up (+) and spin down (−), respectively, while 𝑔�퐴�푝



Advances in High Energy Physics 5

(𝑔�퐴�푛 ) represent the axial-vector couplings of protons (neu-
trons) to the𝑍0 boson.At the nuclear level, the relevant vector
(axial-vector) couplings of protons 𝑔�푉�푝 (𝑔�퐴�푝 ) and neutrons 𝑔�푉�푛
(𝑔�퐴�푛 ) take the form

𝑔�푉�푝 = 2 (𝑔�푢,�퐿�훼�훼 + 𝑔�푢,�푅�훼�훼 ) + (𝑔�푑,�퐿�훼�훼 + 𝑔�푑,�푅�훼�훼 ) ,
𝑔�푉�푛 = (𝑔�푢,�퐿�훼�훼 + 𝑔�푢,�푅�훼�훼 ) + 2 (𝑔�푑,�퐿�훼�훼 + 𝑔�푑,�푅�훼�훼 ) ,
𝑔�퐴�푝 = 2 (𝑔�푢,�퐿�훼�훼 − 𝑔�푢,�푅�훼�훼 ) + (𝑔�푑,�퐿�훼�훼 − 𝑔�푑,�푅�훼�훼 ) ,
𝑔�퐴�푛 = (𝑔�푢,�퐿�훼�훼 − 𝑔�푢,�푅�훼�훼 ) + 2 (𝑔�푑,�퐿�훼�훼 − 𝑔�푑,�푅�훼�훼 ) .

(16)

The axial-vector nucleon form factor takes into account the
spin structure of the nucleon and is defined as [56]

𝐹�퐴 (𝑄2) = 𝑔�퐴 (1 + 𝑄2

𝑀2
�퐴

)−2 , (17)

where 𝑔�퐴 = 1.267 is the free axial-vector coupling constant
and the axial mass is taken to be𝑀�퐴 = 1 GeV, while strange
quark effects have been neglected.

We note that for spin-zero nuclei the axial-vector contri-
bution vanishes, while for the odd-𝐴 nuclei considered in the
present studyQ�퐴

�푊 it is negligible and of the order ofQ�퐴
�푊/Q�푉

�푊 ∼1/𝐴. The weak charges in (15) encode crucial information
regarding the finite nuclear size through the proton 𝐹�푉�푍 (𝑄2)
and neutron 𝐹�푉�푁(𝑄2) nuclear form factors, which in our work
are obtained within the context of the DSM (see below), as
functions of the momentum transfer −𝑞�휇𝑞�휇 = 𝑄2 = 2𝑀𝑇�푁.
Contrary to similar studies assuming the conventional Helm-
type form factors, the present work also takes into account
the nuclear effects due to the nonspherical symmetric nuclei
employed in dark matter searches.

3.1.2. Electromagnetic Neutrino Contributions. Turning our
attention to new physics phenomena we now address poten-
tial contributions to CE]NS in the framework of nontrivial
neutrino EM interactions that may lead to a new neutrino-
floor at low detector thresholds. In this framework, the
presence of an effective neutrino magnetic moment 𝜇] leads
to anEMcontribution of the differential cross section that has
been written as [41]

( 𝑑𝜎𝑑𝑇�푁)SM+EM
= GEM (𝐸], 𝑇�푁) 𝑑𝜎SM𝑑𝑇�푁 . (18)

Neglecting axial effects, the EM contribution to CE]NS at a
direct detection dark matter is encoded in the factor

GEM = 1 + 1𝐺2�퐹𝑀 (
QEM
Q�푉
�푊

)2 (1 − 𝑇�푁) /𝐸]/𝑇�푁1 − 𝑀𝑇�푁/2𝐸2] , (19)

where the relevant EM charge QEM is written in terms of the
electron mass 𝑚�푒, the fine-structure constant 𝑎EM, and the
effective neutrino magnetic moment as [57]

QEM = 𝜋𝑎EM𝜇]𝑚�푒

𝑍. (20)

In contrast to the ∼ 𝑁2 dependence of the SM case, (19)
and (20) imply the existence of a 𝑍2 coherence along with a
characteristic ∼ 1/𝑇�푁 enhancement of the total cross section.
This implies a potential distortion of the expected recoil
spectrum at very low recoil energies that may be detectable
at future direct darkmatter detection with sub-keV operation
thresholds.

For the sake of completeness, we stress that the effective
neutrino magnetic moment 𝜇] is expressed through neutrino
amplitudes of positive and negative helicity states, e.g., the
3-vectors 𝑎+ and 𝑎− and the neutrino transition magnetic
moment matrix, 𝜆, in flavour basis, as [37, 58]

𝜇2] = 𝑎†+𝜆𝜆†𝑎+ + 𝑎†−𝜆𝜆†𝑎−. (21)

Then, the effective neutrino magnetic moment is written
in mass basis through a proper rotation; for a detailed
description of this formalism see [59].

3.1.3. Novel Mediator Contribution. We now explore novel
mediator fields that could be accommodated in the context of
simplified 𝑈(1)�耠 scenarios [60, 61] predicting the existence of
a new 𝑍�耠 vector mediator with mass𝑀�푍 [62]. Such beyond
the SM interactions may constitute a new neutrino-floor at
direct detection dark matter experiments [39].

The presence of a 𝑍�耠 mediator gives rise to subleading
contributions to the SM CE]NS rate, described by the
Lagrangian [63]

Lvec = 𝑍�耠�휇 (𝑔�푞�푉�푍 𝑞𝛾�휇𝑞 + 𝑔]�푉�푍 ]�퐿𝛾�휇]�퐿) + 12𝑀2
�푍𝑍�耠�휇𝑍�耠�휇, (22)

where only left-handed neutrinos are assumed (right-handed
neutrinos in the theory would lead to vector-axial-vector
cancellations). The resulting cross section reads [41]

( 𝑑𝜎𝑑𝑇�푁)SM+�푍
= G2

�푍 (𝑄) 𝑑𝜎SM𝑑𝑇�푁 , (23)

with the factor G�푍 being written in terms of the neutrino-
vector coupling 𝑔]�푉�푍 , as

G�푍 (𝑄) = 1 − 1
2√2𝐺�퐹

Q�푍

Q�푉
�푊

𝑔]�푉�푍𝑄2 +𝑀2
�푍

. (24)

The relevant charge in this case is expressed through the
vector quark couplings �푞�푉

�푍
to the 𝑍�耠 boson, as [39]

Q�푍 = (2𝑔�푢�푉�푍 + 𝑔�푑�푉�푍 ) 𝑍 + (𝑔�푢�푉�푍 + 2𝑔�푑�푉�푍 )𝑁. (25)

Let us mention that emerging degeneracies can be either
reduced through multidetector measurements [61] or broken
in the framework of NSIs [64]. For completeness we note
that, despite being not present for the low energies considered
here, these couplings could be changed by currently unknown
in-medium effects (see, e.g., [23] and references therein).
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3.2. Neutrino Sources

3.2.1. Solar Neutrinos. In terrestrial searches for dark matter
candidates at low energies, the Solar neutrinos emanating
from the interior of the Sun generated through various fusion
reactions produce a dominant background for direct CDM
detection experiments. Assuming WIMP masses less than 10
GeV, an estimated total Solar neutrino flux of about 6.5 ×1011cm−2s−1 [65] hitting the Earth is expected to appreciably
limit the sensitivity of such experiments [27]. On the other
hand, the theoretical uncertainties of Solar neutrinos are
presently quite large and depend strongly on the assumed
Solar neutrino model. To maintain consistency with existing
Solar data, in this work we consider the high metallicity
Standard Solar Model (SSM) [21]. We note however that
the dominant Solar neutrino component coming from the
primary proton-proton channel (𝑝𝑝 neutrinos) that accounts
for about 86% the Solar neutrinos flux has been recently
measured by the Borexino experiment with an uncertainty
of 1% [66]. Through CE]NS, the direct detection dark matter
experiments are mainly sensitive to two sources of Solar
neutrinos, namely, the 8B and the ℎ𝑒𝑝 neutrinos which cover
the highest energy range of the Solar neutrino spectrum.
Since 8B neutrinos are generated from the decay 8B →
7Be∗ + 𝑒+ + ]�푒, while ℎ𝑒𝑝 neutrinos from 3He + 𝑝 →
4He + 𝑒+ + ]�푒, both sources occur in the aftermath of the𝑝𝑝 chain. Following previous similar studies [28], in this
work, we explore the neutrino-floor extending our analysis
to the lowest neutrino energies, by considering the 𝑝𝑒𝑝
neutrino line which belongs to the 𝑝𝑝 chain and the 𝑒−-
capture reaction on 7Be that leads to two monochromatic
beams at 384.3 and 861.3 keV as well as the well-known CNO
cycle.The latter neutrinos appear as three continuous spectra
( 13N, 15O, and 17F) with end point energies close to the 𝑝𝑒𝑝
neutrinos.

3.2.2. Atmospheric Neutrinos. Atmospheric neutrinos are
decay products of the particles (mostly pions and kaons)
produced as a result of cosmic-ray scattering in the Earth’s
atmosphere. The generated secondary particles decay to ]�푒,
]�푒, ]�휇, and ]�휇 constituting a significant background to dark
matter searches especially for WIMP masses above 100 GeV.
In particular, the effect is crucial on the discovery potential of
WIMPs with spin-independent cross section of the order of10−48cm2. The direct detection dark matter experiments, due
to the lack of directional sensitivity, are in principle sensitive
to the lowest energy (less than ∼100 MeV) atmospheric
neutrinos. For this reason, in our present work atmospheric
neutrinos are considered by employing the low-energy flux
coming out of the FLUKA code simulations [22].

3.2.3. Diffuse Supernova Neutrinos. The weak glow of MeV
neutrinos emitted from the total number of core-collapse
supernovae, known as the Diffuse Supernova Neutrino Back-
ground (DSNB), creates an important source of neutrino
background specifically for the WIMPs mass range 10–30
GeV [24]. Despite the appreciably lower flux compared to
Solar neutrinos, DSNB neutrino energies are higher than
those of the Solar neutrino spectrum. In our simulations,
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Figure 1: Unoscillate neutrino flux considered in the present study,
including the Solar, Atmospheric, and DSNB spectra.

the adopted DSNB distributions (usually of Fermi-Dirac or
power-law type) correspond to temperatures 3 MeV for ]�푒,
5 MeV for ]�푒, and 8 MeV for the other neutrino flavours
denoted as ]�푥 or ]�푥, 𝑥 = 𝜇, 𝜏.

Figure 1 shows the unoscillate neutrino flux considered
in the present study, illustrating the Solar neutrino spectra of
the dominant neutrino sources assuming the highmetallicity
Standard Solar Model (SSM) as defined in [21]. Also shown is
the low-energy atmospheric neutrino flux as obtained from
the FLUKA simulation [22] as well as the DSNB spectrum
[67]. The corresponding neutrino types, maximum energies,
and fluxes are listed in Table 1.

4. Deformed Shell Model

In the formalism of the WIMP-nucleus or neutrino-nucleus
event rates of Sections 2 and 3, both for the case of elastic or
inelastic interaction channels, the nuclear physics and par-
ticle physics (SUSY model) parts appear almost completely
separated. In the present work our main focus drops on the
nuclear physics aspects which are contained in the nuclear
structure factors discussed in Section 2. Special attention is
paid on the factors𝐷�푖 of (9) that depend on the spin structure
functions and the nuclear form factors.These quantities have
been calculated using the DSM method [48] (for a compre-
hensive discussion of DSM see [47]) given the kinematics and
the assumptions describing the WIMP particles.

The construction of the many-body wave functions for
the initial |𝐽�휋�푖 ⟩ and final |𝐽�휋�푓⟩ nuclear states in the framework
of DSM involves performance of the following steps. (i) At
first, one chooses a model space consisting of a given set
of spherical single-particle (sp) orbits, sp energies, and the
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Figure 2: HF single-particle spectra for 71Ga corresponding to the
lowest prolate configuration. In the figure, circles represent protons
and crosses represent neutrons. The HF energy 𝐸 in MeV, the mass
quadrupole momentQ in units of the square of the oscillator length
parameter, and the total azimuthal quantum number𝐾 are given in
the figure.

appropriate two-body effective interaction matrix elements.
For 71Ga and 75As, the spherical sp orbits are 1𝑝3/2, 0𝑓5/2,1𝑝1/2, and 0𝑔9/2 with energies 0.0, 2.20, 2.28, and 5.40 MeV
and 0.0, 0.78, 1.08, and 3.20 MeV, respectively, while the
assumed effective interaction is the modified Kuo interaction
[68]. Similarly for 127I, the sp orbits, their energies, and
the effective interaction are taken from a recent paper [69].
(ii) Assuming axial symmetry and solving the HF single-
particle equations self-consistently, the lowest-energy prolate
(or oblate) intrinsic state for the nucleus in question is
obtained. An example is shown in Figure 2 for 71Ga. (iii)
The various excited intrinsic states then are obtained by
making particle-hole (𝑝-ℎ) excitations over the lowest-energy
intrinsic state (lowest configuration). (iv) Then, because the
HF intrinsic nuclear states |𝜒�퐾(𝜂)⟩ (𝐾 is azimuthal quantum
number and 𝜂 distinguishes states with the same 𝐾) do
not have definite angular momentum, angular momentum
projected states |𝜙�퐽�푀�퐾(𝜇)⟩ are constructed as

𝜙�퐽�푀�퐾 (𝜂)⟩
= 2𝐽 + 1
8𝜋2√𝑁�퐽�퐾

∫𝑑Ω𝐷�퐽∗

�푀�퐾 (Ω) 𝑅 (Ω) 𝜒�퐾 (𝜂)⟩ . (26)

In the previous expression, Ω = (𝛼, 𝛽, 𝛾) represents the Euler
angles, 𝑅(Ω) denotes the known general rotation operator,
and the Wigner 𝐷-matrices are defined as 𝐷�퐽

�푀�퐾(Ω) =⟨𝐽𝑀|𝑅(Ω)|𝐽𝐾⟩. Here, 𝑁�퐽�퐾 is the normalisation constant
which by assuming axial symmetry is defined as

𝑁�퐽�퐾 = 2𝐽 + 12 ∫�휋
0
𝑑𝛽 sin 𝛽𝑑�퐽�퐾�퐾 (𝛽) ⟨𝜒�퐾 (𝜂)

⋅ 𝑒−�푖�훽�퐽𝑦 𝜒�퐾 (𝜂)⟩ ,
(27)

where the functions 𝑑�퐽�퐾�퐾(𝛽) are the diagonal elements of
the matrix 𝑑�퐽�푀�퐾(𝛽) = ⟨𝐽𝑀|𝑒−�푖�훽�퐽𝑦 |𝐽𝐾⟩. (V) Finally, the good
angular momentum states 𝜙�퐽�푀�퐾 are orthonormalised by band
mixing calculations and then, in terms of the index 𝜂, it is
possible to distinguish between different states having the
same angular momentum 𝐽,

Φ�퐽
�푀 (𝜂)⟩ = ∑

�퐾,�훼

𝑆�퐽�퐾�휂 (𝛼) 𝜙�퐽�푀�퐾 (𝛼)⟩ . (28)

Within the DSM method, for the evaluation of the reduced
nuclear matrix element entering (6) and (7), we first calculate
the single-particle matrix elements of the relevant operators𝑡(�푙,�푠)�퐽] , as

⟨𝑛�푖𝑙�푖𝑗�푖 𝑡(�푙,�푠)�퐽 𝑛�푘𝑙�푘𝑗�푘⟩
= √(2𝑗�푘 + 1) (2𝑗�푖 + 1) (2𝐽 + 1) (𝑠 + 1) (𝑠 + 2)

×
{{{{{{{{{

𝑙�푖 12 𝑗�푖𝑙�푘 12 𝑗�푘𝑙 𝑠 𝐽

}}}}}}}}}
⟨𝑙�푖 √4𝜋𝑌�푙 𝑙�푘⟩ ⟨𝑛�푖𝑙�푖 𝑗�푙 (𝑘𝑟) 𝑛�푙𝑙�푘⟩ ,

(29)

where {−−} is the 9-𝑗 symbol. For more details, the reader
is referred to [70–72]. It should be noted that in the DSM
method one considers an adequate number of intrinsic states
in the band mixing calculations.

DSM calculations are performed in the same spirit as in
spherical shell model where one takes a model space and a
suitable effective interaction (single-particle orbitals, single-
particle energies, and a two-body effective interaction). This
procedure has been found to be quite successful in describing
the spectroscopic properties and electromagnetic properties
of many nuclei in the mass region A = 60–90 and has also
been applied to double beta decay nuclear transition matrix
elements [47]. In addition, this model has been used recently
in calculating the event rates for dark matter detection [48].
With the proper choice of effective interaction, onewill not be
considering core excitations. This is a standard prescription
in shell model as well as in DSM. To go beyond this, one
has to use no-core shell model or DSM with much larger
set of single-particle orbitals (inclusion of core orbitals),
such refinements are planned to be employed in future
calculations.

We note that the many-body nuclear calculations per-
formed take into account in the usual way the inert core orbits
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Table 2: 2𝑘 values of the occupied proton and neutron single particle deformed orbits of the HF intrinsic states used in the calculation for
each nucleus.The second column gives the serial no. of the HF intrinsic states used. All the 2𝑘 values are of negative parity unless explicitly
shown.The (+), (−), or (±) sign before the 2𝑘 values implies that either the time-like, time-reversed, or both orbits are occupied. In columns
3 and 4, 31 means the first 3/2− HF deformed sp orbit, 32 means the second 3/2− deformed HF orbit, and so on (see also Figure 2). Detailed
information regarding the structure each of the deformed HF sp orbits, their energies, and the parentage of each of the HF intrinsic state in
theΦ�퐽 states (e.g., the linear combination of 𝜙�퐽�푀�퐾 obtained in the band mixing diagonalisation) can be obtained from the authors.

Nucleus Serial No. proton orbits neutron orbits
71Ga 1 ±11 +31 ±11 ±12 ±31 ±32 ±13 ±1+1

2 ±11 +12 ±11 ±12 ±31 ±32 ±13 ±1+1
3 ±11 −31 ±11 ±12 ±31 ±32 ±13 +1+ +3+
4 ±11 +31 ±11 ±12 ±31 ±32 ±13 ±51

73Ge 1 ±11 ±12 ±11 ±12 ±31 ±32 ±13 ±1+1 +3+1
2 ±11 ±12 ±11 ±12 ±31 ±32 ±13 ±3+1 +1+1
3 ±11 ±31 ±11 ±12 ±31 ±32 ±13 ±1+1 +3+1

75As 1 ±11 ±12 +31 ±11 ±12 ±31 ±1+1 ±3+1 ±32 ±13
2 ±11 ±31 +12 ±11 ±12 ±31 ±1+1 ±3+1 ±32 ±13
3 ±11 ±12 +31 ±11 ±12 ±31 ±1+1 ±3+1 ±32 ±5+1
4 ±11 ±31 +13 ±11 ±12 ±31 ±1+1 ±3+1 ±32 ±5+1
5 ±11 ±12 +31 ±11 ±12 ±31 ±1+1 ±3+1 ±32 ±51
6 ±11 ±31 +12 ±11 ±12 ±31 ±1+1 ±3+1 ±32 ±51

127I 1 ±7+1 +5+1 ±7+1 ±5+1 ±3+1 ±111 ±1+1 ±5+2 ±91±3+2 ±1+2 ±71 ±51 ±31
2 ±7+1 +5+1 ±7+1 ±5+1 ±3+1 ±111 ±1+1 ±5+2 ±91±3+2 ±1+2 ±71 ±51 ±3+3
3 ±7+1 +3+1 ±7+1 ±5+1 ±3+1 ±111 ±1+1 ±5+2 ±91±3+2 ±1+2 ±71 ±51 ±31
4 ±7+1 +3+1 ±7+1 ±5+1 ±3+1 ±111 ±1+1 ±5+2 ±91±3+2 ±1+2 ±71 ±51 ±3+3
5 ±7+1 +1+1 ±7+1 ±5+1 ±3+1 ±111 ±1+1 ±5+2 ±91±3+2 ±1+2 ±71 ±51 ±31
6 ±7+1 +1+1 ±7+1 ±5+1 ±3+1 ±111 ±1+1 ±5+2 ±91±3+2 ±1+2 ±71 ±51 ±3+3

(completely filled by the protons and neutrons) and the extra-
core nucleons moving in the assumed model space under the
influence of an effective interaction. The explicit 2𝑘 values of
the occupied nucleon single-particle deformed orbits of the
HF intrinsic states considered in our calculations are listed in
Table 2.

5. Results and Discussion

5.1. Nuclear Physics Aspects. To maximise the significance
of our WIMP-nucleus and neutrino-floor calculations, the
reliability of the obtained nuclear wave functions is tested by
comparing the extracted energy level spectrum andmagnetic
moments with available experimental data. The consistency
of this method obtained for 73Ge has been already presented
in [48]. Furthermore, in the DSM calculations for 71Ga and
75As, we restrict ourselves to prolate solutions only, since the
oblate solution does not reproduce the energy spectra and
electromagnetic properties of these nuclei. It also does not
mix with the prolate solution. Hence, we neglect the oblate
solutions in the calculations. For each of these nuclei, we
consider only four intrinsic prolate states which should be

sufficient to explain the systematics of the ground state and
close lying excited state. Due to size restrictions, in Figure 3
we illustrate only the calculated spectrum for 71Ga.

For 75As, the ground state is 3/2− and there are also two1/2− and 3/2− levels around 0.12 MeV. In addition, there is
a collective band consisting of 5/2−, 9/2−, and 13/2− 17/2−
levels at 0.279, 1.095, 2.150, and 3.091 MeV, respectively. All
these levels are well reproduced by the DSMmethod. Turning
to the 127I spectrum, there are four observed collective
bands with band heads 5/2+, (7/2+)1,2, and 9/2+. There are
evidences suggesting that low-lying states in 127I have oblate
deformation [73]. Hence, for this nucleus, we consider only
oblate configurations and take the six lowest oblate intrinsic
states in the band mixing calculation. These intrinsic states
are found to provide adequate description of the energy
spectrum and electromagnetic properties for this nucleus.
The calculations for this nucleus utilise a new effective
interaction developed by an Italian group very recently [69].
Thenew effective interaction is seen to reproducewell the 127I
spectrum; details will be presented elsewhere.

We thus conclude that concerning the evaluation of the
WIMP-nucleus and CE]NS event rates we are interested in
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Table 3: List of potential dark matter detectors considered in the present study. The calculated magnetic moments for the ground states of
71Ga, 73Ge, 75As, and 127I are shown. The results involve the bare gyromagnetic ratios and experimental data are from [44]. The ground
state 𝐽�휋 and the harmonic oscillator size 𝑏 are also shown.
Nucleus 𝐴 𝑍 𝐽�휋 < 𝑙�푝 > < 𝑆�푝 > < 𝑙�푛 > < 𝑆�푛 > 𝜇 (nm) Exp 𝑏 [fm−1]
Ga 71 31 3/2− 0.863 0.257 0.369 0.011 2.259 2.562 1.90
Ge 73 32 9/2+ 0.581 −0.001 3.558 0.362 −0.811 −0.879 1.91
As 75 33 (3/2−)1 0.667 0.164 0.626 0.042 1.422 1.439 1.92
I 127 53 5/2+ 2.395 −0.211 0.313 2.343 1.207 2.813 2.09
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Figure 3: Comparison of deformed shell model results with exper-
imental data for 71Ga for low-lying states. The experimental values
are taken from [44].

this work, the required ground state wave functions obtained
through the DSMmethod are reliable and the intrinsic states
used in the subsequent analysis are considered sufficient.
From the perspective of nuclear physics, spin contributions
constitute significant ingredients in the evaluation of WIMP-
nucleus event rates. For this reason, the first stage of our
work involves the calculation of themagnetic moment, which
is decomposed into an orbital and spin part. The relevant
results for the proton and neutron contributions to the orbital
and spin parts concerning the ground states of the four
nuclear isotopes studied in this paper are given in Table 3.
A comparison between the obtained magnetic moments and
the respective experimental data is also provided. Despite
the fact that these calculations adopt bare values of 𝑔-factors
neglecting quenching effects, the obtained DSM results of
the ground state magnetic moments are consistent with the
experimental values.

Having successfully reproduced the energy spectrum
and the magnetic moments within the context of the DSM
wave functions, we evaluate important nuclear physics inputs
entering the WIMP-nucleus and CE]NS cross sections. Fig-
ures 4 and 5 present a comparison between the DSM nuclear
form factors and the effective Helm-type ones employed in
various similar studies, where, as can be seen, theDSM results
differ from the Helm-type ones. The behaviour of the proton
form factor for 71Ga is found to be different from those of the
other nuclei and this may be due to the nearby proton shell
closure and the neutron subshell closure. Calculations with
several different effective interactions are under way to rule
out the possibility of any deficiency of the effective two-body
interaction used.We furthermore illustrate the spin structure
functions of WIMP- 71Ga elastic scattering calculated using
(6) and (7). The variation of 𝐹00, 𝐹01 , and 𝐹11 with respect to
the parameter 𝑢 is shown in Figure 6, while similar results are
obtained for 75As and 127I (for the 73Ge case see [48]).

The consistency of our nuclear physics DSM calculations
has been extensively explored in this work and comparedwith
existing experimental data (see Figures 2 and 3 and Table 3)
making the considered form factors reliable. Specifically we
have tested the reliability of this model to describe nuclear
structure properties such as excitation spectra and nuclear
magnetic moments. We mention that DSM has been tested
in the past in many nuclei in the 𝐴 = 60–90 region [47] (see
above).

5.2.WIMP-Nucleus Rates and theNeutrino-Floor. TheWIMP-
nucleus event rates and the neutrino-floor due to neutrino-
nucleus scattering are calculated for a set of interesting
nuclear targets such as 71Ga, 73Ge, 75As, and 127I (see
Table 3). In evaluating the neutrino-induced backgrounds, we
consider only the dominant CE]NS channel, since neutrino-
electron events are expected to produce less events by about
one order of magnitude [27]. For the case of a 71Ga target,
in Figure 7 we provide the coefficients 𝐷�푖 associated with
the spin dependent and coherent interactions given in (9) as
functions of the WIMP mass 𝑚�휒 by assuming three typical
values of the detector threshold energy 𝑇�푁= 0, 5, 10 keV. For
the special case of 𝑇�푁 = 0, all plots peak at 𝑚�휒 ∼35 GeV,
while for higher threshold energies 𝐷�푖 are shifted towards
higher values of the WIMP mass. The calculations take also
into account the annual modulation which is represented
by the curve thickness. As can be seen from the figure, the
modulation signal varies with respect to the WIMP mass,
being larger for 𝑚�휒 ≤ 50 GeV, while its magnitude is slightly
different for the spin dependent and coherent channels.
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Figure 4: Comparison of the DSM nuclear form factors of the
71Ga and 73Ge isotopes, obtained in the present work with the
corresponding effective Helm form factors.

Proceeding further, in Figure 8 we evaluate the expected
event rates for the four target nuclei assuming elastic WIMP
scattering for WIMP candidates with mass𝑚�휒 = 110GeV, by
adopting the nucleonic-current parameters 𝑓0�퐴 = 3.55 × 10−2,𝑓1�퐴 = 5.31×10−2,𝑓0�푆 = 8.02×10−4, and 𝑓1�푆 = −0.15×𝑓0�푆 . As in
the previous discussion, the thickness of the graph accounts
for the annual modulation. We find that there is a strong
dependence of the event rate on the studied nuclear isotope.
Again the modulation is found to decrease for heavier mass.
Among the four studied nuclei, we come out with a larger
event rate for the case of a 71Ga nuclear detector, since 𝐷1,𝐷2, and𝐷3 are all positive and have similar values. For 73Ge,
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Figure 5: Same as in Figure 4 but for the 75As and 127I isotopes.

𝐷2 is negative and its magnitude is comparable to𝐷1 and𝐷3,
while for 75As, 𝐷3 is positive but small, and finally for 127I,𝐷2 and𝐷3 are relatively smaller and𝐷1 is large.The coherent
contribution 𝐷4 has more or less similar values for all nuclei
considered.

For each component of the Solar, Atmospheric, and
DSNB neutrino distributions we calculate the expected
neutrino-floor due to CE]NS, by considering the target
nuclei presented in Table 3. In our calculations, we neglect
possible recoil events arising from Geoneutrinos as they are
expected to be at least one order of magnitude less that
the aforementioned neutrino sources (see, e.g., [25, 26]).
In order to make a quantitative estimate of the neutrino-
floor, here we do not consider neutrino oscillations and we
assume that CE]NS is a flavour blind process in the SM. The
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differential event rate due to CE]NS, for the various dark
matter detectors considered in the present study, is presented
in Figure 9. It can be noticed that the neutrino background
is dominated by Solar neutrinos at very low recoil energies.
We stress that, for the typical keV-recoil thresholds of the
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Figure 8: The WIMP event rates for 71Ga, 73Ge, 75As, and 127I
detectors in units of kg−1 year−1 as a function of the detector
threshold 𝑇�푁. The nuclear threshold 𝑇�푁 energy through the limit
of the integration in (9). The thickness of the curve represents the
annual modulation which decreases with increasing nuclear mass.

current direct detection darkmatter experiments only theℎ𝑒𝑝
and 8B sources constitute a possibly detectable background.
From our results we conclude that, for recoil energies above
about 10 keV, Atmospheric neutrinos dominate the neutrino
background event rates, having a tiny contribution coming
from the DSNB spectrum.

The number of expected background events due to
CE]NS for each component of the Solar, Atmospheric, and
DSNB neutrino fluxes is illustrated in Figure 10. Similar
to the differential event case, at low energies the neutrino
background is dominated by the Solar neutrino spectrum
with the dominant components being the ℎ𝑒𝑝 and 8B
neutrino sources.The results imply that futuremulti-ton scale
detectors with sub-keV sensitivities may be also sensitive
to 7Be and 𝑝𝑝 neutrinos. We comment however that such
sensitivities will be further limited due to the quenching
effect of the nuclear recoil spectrum which is not taken
into account here. Moreover, it is worth mentioning that
neutrino-induced and WIMP-nucleus scattering processes
provide similar recoil spectra; e.g., the recoil spectrum of 8B
neutrinos may mimic that of a WIMP with mass 6 GeV (100
MeV) [28].

At this point, we consider additional interactions in the
context of new physics beyond the SM that may enhance
the CE]NS rate at a direct detection dark matter experiment.
Specifically we study the impact of neutrino EM properties as
well as the impact of new interactions due to a 𝑍�耠 mediator,
on the neutrino floor. In our calculations we assume the
existence of a neutrino magnetic moment 𝜇] = 4.3 ×10−9𝜇�퐵, extracted from CE]NS data in [41] as well as the
corresponding limit from ]�푒 − 𝑒− scattering data of the
GEMMAexperiment, e.g.,𝜇]𝑒 = 2.9×10−11𝜇�퐵 [74]. Regarding
the 𝑍�耠 interaction we consider typical values such as𝑀�耠

�푍 =10 MeV, 𝑔2�푍 = 10−6, and 𝑀�耠
�푍 = 1GeV, 𝑔2�푍 = 10−6
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Figure 9: Differential event rate of the neutrino-floor assuming 71Ga, 73Ge, 75As, and 127I as cold dark matter detectors. The individual
components coming from the Solar, Atmospheric, and DSNB flux are also shown.

[75]. Following [64], by assuming universal couplings, our
calculations involve the product of neutrino and quark 𝑍�耠
couplings defined as (for a comprehensive study involving the
flavour dependence of the 𝑍�耠 couplings the reader is refereed
to [76])

𝑔2�푍 = 𝑔
]�푉
�푍 Q�푍3𝐴 . (30)

The corresponding results are presented in Figure 11, indi-
cating that such new physics phenomena may constitute a
crucial source of background even for multi-ton scale detec-
tors with sub-keV capabilities. We stress, however, that the

latter conclusion depends largely on the assumed parameters,
which currently are unknown.

Before closing, we estimate the difference in the calcu-
lated number of neutrino-floor events between the conven-
tional Helm-type and DSM predictions by defining the ratio

R = DSMevents
Helmevents

. (31)

For each nuclear system, the corresponding results are pre-
sented in Figure 12 indicating that the differences can become
significant, especially in the high energy tail of the detected
recoil spectrum.
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Figure 10: Same as in Figure 9 but for the number of events above the detector threshold.

6. Conclusions

In this work, we studied comprehensively the expected event
rates in WIMP-nucleus and neutrino-floor processes by per-
forming reliable calculations for a set of prominent nuclear
materials of direct dark matter detection experiments. The
detailed calculations involve crucial nuclear physics inputs in
the framework of the deformed shellmodel based onHartree-
Fock nuclear states.Thisway, the nuclear deformation and the
spin structure effects of odd-𝐴 isotopes that play significant
role in searching for darkmatter candidates are incorporated.
The chosen nuclear detectors involve popular nuclear iso-
topes in dark matter investigations such as the 71Ga, 73Ge,

75As, and 127I isotopes. The DSM results indicate that 71Ga
needs further investigation by employing another effective
two-body interaction than the one used in the chosen set of
nuclear isotopes.

The deformed shell model (DSM) employed for the
nuclear structure calculations in this work is very well tested
in many examples in the past [47] for nuclei with 𝐴=60–90.
Therefore, in our study we have chosen the dark matter
candidates 71Ga, 73Ge, and 75As. In addition, to extendDSM
to heavier nuclei of interest in dark matter detection, we have
considered 127I and the results, reported in the present paper,
are quite encouraging. In the near future we will consider Xe
isotopes that are also of current interest. For lighter candidate
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nuclei, such as Na, Si, andAr, clearly shell modelwill be better
choice and DSM may also be tested for these isotopes.

More importantly, by exploiting the expected neutrino-
floor due to Solar, Atmospheric, and DSNB neutrinos, which
constitute an important source of background to dark matter
searches, the impacts of new physics CE]NS contributions
based on novel electromagnetic neutrino properties and 𝑍�耠

mediator bosons have been estimated and discussed. Our
results also indicate that the addressed novel contributions
may lead to a distortion of the expected recoil spectrum
that could limit the sensitivity of upcoming WIMP searches.
Such aspects could also provide key information concerning
existing anomalies in𝐵-mesondecay at the LHCb experiment
[77] and offer new insights into the LMA-Dark solution
[78, 79].

Finally, the present results indicate that the addressed
nuclear effects may become significant, leading to alterations
especially in the high energy tail of the expected neutrino-
floor as described by effective nuclear calculations, thus
motivating further studies in the context of advanced nuclear
physics methods such as the deformed shell model or the
Quasiparticle Random Phase approximations and others.
Such a comprehensive study using available data of the
COHERENT experiment is under way and will be presented
elsewhere.
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We provide a fast approach incorporating the usage of deep learning for studying the effects of the number of photon sensors in an
antineutrino detector on the event reconstruction performance therein. This work is a first attempt to harness the power of deep
learning for detector designing and upgrade planning. Using the Daya Bay detector as a case study and the vertex reconstruction
performance as the objective for the deep neural network, we find that the photomultiplier tubes (PMTs) at Daya Bay have different
relative importance to the vertex reconstruction.More importantly, the vertex position resolutions for the Daya Bay detector follow
approximately a multiexponential relationship with respect to the number of PMTs and, hence, the coverage.This could also assist
in deciding on the merits of installing additional PMTs for future detector plans. The approach could easily be used with other
objectives in place of vertex reconstruction.

1. Introduction

The choice of photon sensors such as photomultiplier tubes
(PMTs), be it their expected sizes, locations, and the total
number of sensors in antineutrino detectors, including Daya
Bay [1], Double Chooz [2], RENO [3], and JUNO [4], are
of interest as these sensors are the information gatherers
through which we can identify antineutrino interaction
events. This work is an attempt in using machine learning, in
particular deep learning [5–7] as a way to understand how
the number of PMTs in the detector influences the event
reconstruction performance and extract lessons to be learned
therefrom for areas such as detector designing and upgrade
planning. To the best of our knowledge, this work is the first
study on the efficacy of deep learning in detector designing
and planning. For this work, we ask the following: supposewe
are given 𝑁 possible number of locations for the installation
of 𝑘 number of PMTs (𝑘 ≤ 𝑁), where should the PMTs be
installed such that the event interaction vertex reconstruction
is optimal or near-optimal given only these 𝑘 PMTs in the
detector and𝑁 possible locations? Of course,𝑁 and 𝑘 could
be infinite, but this is technically impossible as it would not

meet the budget of a detector construction. In this work,
we use deep learning on a model of the Daya Bay detector
as a case study to understand the impact of PMTs on event
position vertex reconstructions in a detector. The vertex is
useful for studies on signal-background discriminations and
the correction to the position-dependent energy response
in the detector. The reconstruction of the vertices has been
studied in-depth in the Daya Bay experiment using non-
machine learning methods. As such, this allows us to cross-
check our vertex reconstruction with deep learning with
other methods in the Daya Bay before studying its potential
in detector designing. Moreover, the vertex reconstruction
performance is chosen as the objective since it is relatively
simple for deep learning to handle for a clear understanding
of the approach without involving too much experimental
details. Nonetheless, experimentalists can easily substitute
the vertex reconstruction performance with other objectives
of interest. Beyond antineutrino detectors, sensor placements
have been studied in areas ranging from water network
distributions [8] to fault detections [9].

The Daya Bay antineutrino detectors are liquid scin-
tillator detectors with a physics program focusing on the
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precision measurement of the neutrino mixing angle 𝜃13 with
reactor antineutrinos. Each Daya Bay detector consists of
three concentric cylindrical tanks: an inner acrylic vessel
(IAV) containing gadolinium- (Gd-) doped liquid scintillator,
an outer acrylic vessel (OAV) containing undoped liquid
scintillator which surrounds the IAV, and a stainless steel
vessel (SSV) which surrounds the IAV and OAV. With this
design, the detectors could detect the interaction of the
antineutrinos and the scintillator via inverse beta decay (IBD)
reactions:

]𝑒 + 𝑝 → 𝑒+ + 𝑛. (1)

The emitted positron then undergoes ionization processes
in the liquid scintillator before annihilating with an electron
producing a prompt signal with an energy deposition in the
range of 1 - 8 MeV. The deposited energy is converted to
scintillation photons which are then collected by the PMTs.
As the positron displacement prior to the annihilation is
negligible, the interaction vertex of the prompt signal can
be assumed to be the antineutrino IBD interaction vertex.
However, the neutron thermalizes and diffuses before being
captured on either a proton or Gd with a mean capture time
of ∼ 30 𝜇𝑠 in the Gd-doped liquid scintillator and ∼ 200 𝜇𝑠
in the undoped liquid scintillator, giving rise to a delayed
signal. A total of 192 Hamamatsu R5912 8-inch PMTs [10],
arranged in a layout with 8 rows and 24 columns, are installed
on the vertical wall of the SSV pointing inward towards the
OAV and IAV forming a total of 6% photodetector coverage.
Located above and below the OAV are reflective panels that
serve to redirect scintillation light towards the PMTs thereby
increasing the photon collection efficiency to 12% effectively.

As aforementioned, we used deep learning to perform
the IBD vertex reconstruction in order to study the effects
of PMTs on an event reconstruction. Deep learning is a
class of machine learning, which is especially adept at
leveraging large datasets to compute human-comprehensible
quantities by learning the various degrees of correlations
within.Notably, it can, on its own, learn to discover functional
relationships from the data without a priori given, effectively
forming a mapping from the inputs to a quantity of interest.
In other words, deep learning seeks to model the quantity of
interest 𝑦 using a vector of inputs 𝑥with𝐷𝐿(𝑥, 𝑝) = 𝑦, where
𝑝 are parameters of the deep network; their numerical values
were found by minimizing the error between the predicted
𝑦 and 𝑦. Deep learning machine architectures, commonly
knownas deep neural networks (DNN), are based on artificial
neural networks [11] but deeper in terms of the number of
hidden layers and are more flexible in terms of how each
neuron is connected to other neurons.

The ubiquity of deep learning and its significant success
over traditional methods across disparate fields [12–14] in
discovering patterns is surprising. However, this may well be
due, in part, to that our universe operates on simple physical
properties [15]. In high-energy physics, deep learning has
demonstrated its prospective use in jets [16, 17], as part of the
signal-background discrimination toolkit in the search for
beyond the Standard Model particles [18] and Higgs bosons
[19] and in neutrino physics experiments [20–24].

2. Recursive Search

As mentioned in Section 1, we wish to search for the 𝑘
most important locations corresponding to 𝑘 PMTs installed
therein from the 𝑁 total possible locations in the detector
in determining the vertex position 𝑉 of events collected
from the detector. 𝑁 is a free parameter which could be
chosen during the detector design and simulation stage.
Denoting the set containing the 𝑘 number of most important
locations as the set 𝑆∗𝑘 , this implies that we should find the
set 𝑆∗𝑘 such that the vertex reconstruction error is minimized.
However, finding such 𝑘 locations simultaneously is a task
confounded by a computation that grows exponentially with
𝑘. Alternatively, we could search for an approximation to 𝑆∗𝑘
by recursively finding the important PMT location one at
a time, which can be achieved using deep learning. Since
searching for the most important location is equivalent to
searching for the most important PMT at that particular
location, the phrase “𝑘-th important PMT” will be used
in this work as a shorthand for “𝑘-th important PMT
location”.

Let the true position of the IBD prompt events be 𝑉𝑡𝑟𝑢𝑒 =
{𝑥𝑡𝑟𝑢𝑒, 𝑦𝑡𝑟𝑢𝑒, 𝑧𝑡𝑟𝑢𝑒}; the predicted position using DNN as
𝑉𝑝𝑟𝑒𝑑 = {𝑥𝑝𝑟𝑒𝑑, 𝑦𝑝𝑟𝑒𝑑, 𝑧𝑝𝑟𝑒𝑑}, then in a recursive search, the
𝑘-th important PMT, 𝑃𝑀𝑇∗𝑘 , will be the one that maximizes
the improvement in the resolution 𝜎 of the residual dis-
tribution given that the (𝑘 − 1) other PMTs have already
been found through the recursive search, i.e., {𝑃𝑀𝑇∗𝑘−1,
𝑃𝑀𝑇∗𝑘−2, . . . , 𝑃𝑀𝑇∗1 }, and where the residual is 𝑉𝑝𝑟𝑒𝑑 − 𝑉𝑡𝑟𝑢𝑒.
Namely,

𝑃𝑀𝑇∗𝑘 = argmin
𝑃𝑘∈𝑁\𝑆

𝑟𝑒𝑐𝑢
𝑘−1

𝜎 (𝑃𝑀𝑇𝑘, 𝑆𝑟𝑒𝑐𝑢𝑘−1 ) , (2)

where 𝑆𝑟𝑒𝑐𝑢𝑘−1 = {𝑃𝑀𝑇∗𝑘−1, . . . , 𝑃𝑀𝑇∗1 } and 𝑁 is the set con-
taining all the PMTs. Using (2), PMTs could be progressively
added into a larger and larger subset 𝑆 defining the best set
found by the algorithm. Alternatively, one could perform a
backward elimination: starting from the set with all PMTs
and progressively eliminating the most “unimportant” PMT.
At the conclusion of this recursive search, we obtain a curve
of the event reconstruction resolution versus the number of
PMTs used for the reconstruction thereof.

3. Deep Neural Network

In our approach utilizing DNNs, we used a Monte Carlo
dataset comprising 2 million IBD prompt events obtained
from a Daya Bay detector model which were randomly
partitioned into a training set (1.4 million), a validation set
(0.3 million), and a test set (0.3 million). The validation set
is used for the early stopping of the DNN training to prevent
overfitting or underfitting of the data [25]. The parameter 𝑁
as defined in Section 2 would be 192 corresponding to the 192
PMT locations in the Daya Bay detector model. The charge
information of the 192 PMTs is fed into the DNN as its inputs,
and the output is the predicted vertex location 𝑉𝑝𝑟𝑒𝑑. To train
theDNN,we used themean square error (𝑀𝑆𝐸) loss function
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Figure 1: Residual distributions for x and z using all 192 PMT charge information.

to measure the error between the predicted, and the truth
vertex positions:

𝑀𝑆𝐸 = 1
𝑇
𝑇

∑
𝑗=1

(V𝑖𝑗𝑝𝑟𝑒𝑑 − V𝑖𝑗𝑡𝑟𝑢𝑒)
2
, (3)

where 𝑇 is the number of events, V𝑖𝑗𝑝𝑟𝑒𝑑 and V𝑖𝑗𝑡𝑟𝑢𝑒 are the
predicted and truth values for the i-th coordinate of the
j-th event vertex, respectively (𝑖 = 𝑥, 𝑦, 𝑧). The 𝑀𝑆𝐸
was minimized to obtain the optimal DNN parameters.
The minimization is typically done with a gradient descent
method [26] involving the gradient of the loss function with
respect to the DNNparameters, including the weights of each
neuron; i.e., at each training iteration, the parameters 𝑤 are
updated via

𝑤𝑖 = 𝑤𝑖 − 𝛾 ⋅
𝜕𝑀𝑆𝐸
𝜕𝑤𝑖

, (4)

where 𝛾 is the learning rate determined by the user that
controls the step length in the negative gradient direction
during the training stage. When the 𝑀𝑆𝐸 reaches minima,
𝜕𝑀𝑆𝐸/𝜕𝑤𝑖 = 0. At this point, the DNN has found the needed
parameter values to best reconstruct the vertex position.
To train the DNN, 𝛾 starts with a value of 0.001 and is
progressively multiplied a factor of 0.5 whenever the value
of the loss function metric stops improving. In this manner,
the DNN training will descent quickly in the direction of
the minima in the early stage; with a smaller learning rate
at a later stage, the training will not overshoot the minima
but will descent steadily towards it. An early stopping is
made during the training, whereby the training is terminated
when no further improvements could be observed from the
loss function value after a predetermined number of training
rounds, in this case ten. Without such early stopping, the loss
function value can rise again indicating that an overfitting has
occurred.

The efficacy of deep learning to predict the position
of the IBD prompt events can be demonstrated by the
residual distributions shown in Figure 1 where the charge

information of the 192 PMTs is fed into a DNN as its inputs.
The DNN used here to obtain 𝑉𝑝𝑟𝑒𝑑 consists of multiple
fully connected layers with ReLU [27] hidden neurons. The
optimal number of layers and neurons were obtained using a
tree-structured Parzen estimator [28]. The resulting network
comprises three hidden layers containing 180, 148, and 148
neurons, respectively. The resolutions as obtained from the
Gaussian fit to the residual distributions are 67 mm and 80
mm for (𝑥𝑝𝑟𝑒𝑑 − 𝑥𝑡𝑟𝑢𝑒) and (𝑧𝑝𝑟𝑒𝑑 − 𝑧𝑡𝑟𝑢𝑒), respectively.

A straightforward and brute force use of (2) in a recursive
search using a DNN to identify 𝑃𝑀𝑇∗𝑘 would be to check
over all the remaining PMTs not in the optimal set 𝑆∗𝑘−1 and
separately construct the residual distributions, picking the
one giving the best resolution for a particular coordinate in
𝑉𝑡𝑟𝑢𝑒. For this brute force search, we used a DNN architecture
similar to the aforementioned DNN. The input layer will
contain neurons with charge information from the already-
chosen PMTs, i.e., those in 𝑆𝑟𝑒𝑐𝑢𝑘−1 , plus a candidate PMT,
i.e., 𝑃𝑀𝑇𝑘. The computation time for such a search grows
quadratically with the total number of PMTs in the detector.
Such a brute force search is clearly not scalable. Hence, in this
work, we have also used a fast approach to approximate the
brute force search but which mitigates the nonscalability of
the latter.

This fast approach integrates a DNN component from
the autoencoder architecture [29]: a bottleneck layer with a
single neuron, as shown in Figure 2. In this bottleneck DNN
architecture, the remaining candidate PMTs not in 𝑆𝑟𝑒𝑐𝑢𝑘−1 are
forced to connect to the bottleneck neuron before being given
to the fully connected layers as inputs, effectively demanding
the DNN to search for the best weights associated with each
of these PMTs. At the bottleneck region, the DNN computes
the sum ∑𝑤𝑖𝑃𝑀𝑇𝑖, where 𝑖 runs over the candidate PMTs,
the quantity 𝑃𝑀𝑇𝑖 is the 𝑖-th PMT input to the DNN in the
form of charge information, and the weight 𝑤𝑖 of the 𝑖-th
PMT is a parameter in the DNN. When the training stage of
the DNN ends, the 𝑤𝑖s would have reached their best values
corresponding to a minima of the 𝑀𝑆𝐸. The PMT with the
largest weight in magnitude indicates that the reconstruction
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Figure 2: DNN architecture consisting of a bottleneck neuron.

of the position of the IBD prompt events relies the heaviest
on this PMT compared to the rest of the candidate PMTs.
Hence, this PMT would be our 𝑘-th important PMT, 𝑃𝑀𝑇∗𝑘 .
Crucially, this type of DNN only needs to be trained once to
identify 𝑃𝑀𝑇∗𝑘 ) no matter the value of 𝑘, whereas the brute
force DNN needs to be trained (𝑁 − 𝑘) times, once for each
remaining candidate PMT.

4. Results

The heatmap in Figure 3 shows the resolutions as obtained
from the residual distributions corresponding to using only
one PMT for training and determining the vertex location of
the antineutrino IBD interaction using the brute force search.
Specifically, the resolution pertaining to using each PMT
is indicated by a value from the color scale. Clearly, some
PMTs contain more information about the vertex position
than others. The first most important PMT from the brute
force search, i.e., 𝑃𝑀𝑇𝑏𝑟𝑢𝑡𝑒∗1 , is chosen as the one having
the smallest color value in the heatmap. The variation in
resolution for the 𝑥-direction by column is due to the use of
𝜎𝑥 rather than 𝜎𝑟. The reconstruction shows that the most
important PMT is different for the 𝑥-direction and the 𝑧-
direction. The heatmap pattern for the y-direction is similar
to the x-direction, but with the dark region in the x-direction
being the light region in the y-direction and vice versa,
reflecting that 𝑥 and 𝑦 depend on cos 𝜙 and sin 𝜙, respectively
in a cylindrical coordinate system, i.e., a𝜋/2 shift in difference
between 𝑥 and 𝑦.

In Figure 4, the heatmap shows the weight corresponding
to each PMT as obtained from the bottleneck neuron when
searching for the first most important PMT. A higher weight
indicates that the PMT has a larger impact on the vertex
reconstruction. The PMTwith the largest weight is identified
as the most important PMT, 𝑃𝑀𝑇𝑏𝑛𝑒𝑐𝑘∗1 . Ideally, we would
like to constrain the weights to be discrete at the bottleneck,
i.e., to be either 0 or 1, where weight is 1 for the most
important PMT and 0 for the rest during the training of
the DNN. However, such a constraint is nondifferentiable
and noncontinuous with respect to the loss function which
would render DNN parameter optimization using gradient

descent algorithms unfeasible. Comparing Figures 3 and
4, the brute force and the bottleneck DNN have chosen
different PMTs as their most important PMTs possibly due to
degeneracies in the detector. For example, in the z-direction,
the PMTs at the top and bottom rings should produce the
same resolution.Our suspect is that, during the training of the
bottleneck DNN, some information sharing between a subset
of PMTs, in which the DNN thinks their information values
are similar, is unavoidable. Hence, the bottleneck neuron
contains information from not one but a subset of PMTs; i.e.,
the importance by weights of each PMT could be partially
“shared” amongst several PMTs. Further understanding of
these are being conducted. Figures 5 and 6 are the results as
obtained from the brute force and bottleneck DNN approach,
respectively, while searching for the second most important
PMT after having found the first most important PMT.

Figure 7 shows the residual curve for 𝑥 and 𝑧 as a function
of the number of PMTs used in the reconstruction. Using
an Nvidia Tesla P40 GPU, we estimated that it would take
about 60 days to complete the entire residual curve with the
brute force search, whereas it took about one day to complete
with the bottleneck DNN. Resolutions from random choice
of PMTs are also included in the figures as a comparison to
the result from the bottleneck DNN. An empirical fit to the
bottleneck DNN results is done with a triple exponential fit.
It can be clearly seen that there is a diminishing return on the
improvement in the vertex resolutionwhen adding additional
PMTs to an existing set of PMTs, which is an implication
of the submodular [30] nature of the Gaussian standard
deviation and its relationship to the information entropy,
𝐻 = log𝜎 + 0.5log(2𝜋𝑒). Succinctly, the submodularity of the
Gaussian standard deviation, i.e., the resolution in this case
shows that there is less new information that could be gained
from adding a new PMT to a larger set of already-chosen
PMTs than to a smaller set. As all the PMTs in the Daya Bay
detector are of the same size and model, Figure 7 could also
be interpreted as the residual curve being a function of the
detector coverage.

5. Summary

In this work, we provide a fast approach using a deep neural
network with a bottleneck neuron to uncover the effects
of the number of photon sensors such as PMTs on the
vertex resolutions in an antineutrino detector. The results
have been compared with a random PMT search and a brute
force search which yields the ideal result. Our inputs are the
simulated charge information of the Daya Bay PMTs.The fast
approach produces results close to those from the brute force
search and fares much better than a random search. We find
that the vertex resolution of the event reconstruction at the
Daya Bay is approximately a multiexponentially decreasing
function with respect to the number of PMTs and hence,
also, the coverage. In future work, we envisage the possibility
of incorporating the temporal information, i.e., the time of
arrival of each photon in addition to the charge information
to reconstruct the vertices. In addition, one could also study
the size of the PMT needed alongside its installation loca-
tion corresponding to the best event vertex reconstruction
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Figure 3: Resolution 𝜎 corresponding to using each individual PMT for (a) 𝑥 and (b) 𝑧, using the brute force search. In each heatmap, the
circled PMT corresponds to the best resolution amongst all the 192 PMTs.
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Figure 4: Weights as given by the bottleneck neuron corresponding to each PMT for (a) 𝑥 and (b) 𝑧 using the bottleneck DNN. In each
heatmap, the circled PMT corresponds to the largest weight in the heatmap amongst all the 192 PMTs, indicating that it is the most heavily
used PMT in the DNN during the vertex reconstruction.
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Figure 5: Resolution 𝜎 corresponding to using the charge information from the most important PMT as identified previously and a second
candidate PMT for (a) 𝑥 and (b) 𝑧. The first PMT as found by the previous round, 𝑃𝑀𝑇𝑏𝑟𝑢𝑡𝑒∗1 , using the brute force search is whitened in
each figure. In each of the heatmap, the circled PMT, 𝑃𝑀𝑇∗2 , corresponds to the best resolution when considering the said PMT and the first
important PMT found previously for the vertex reconstruction.
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𝑃𝑀𝑇𝑏𝑛𝑒𝑐𝑘∗1 , as identified previously for (a) 𝑥 and (b) 𝑧. 𝑃𝑀𝑇𝑏𝑛𝑒𝑐𝑘∗1 is whitened in each figure. In each of the heatmap, the circled PMT, 𝑃𝑀𝑇∗2 ,
corresponds to the largest weight amongst the remaining 191 PMTs given that the first important PMT has been identified with the bottleneck
DNN.
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Figure 7: Residual curves for 𝑥 (a) and 𝑧 (b) as a function of the number of PMTs used in the reconstruction. The results plotted as solid
squares are those from the brute force search. An empirical fit to the bottleneck DNN results was done with a triple exponential. Resolutions
from random choice of PMTs are shown as empty squares. A zoom-in on the residual curves is also shown in the figures.

resolution. Also, a subsequent work from here would be
the study of the effect of PMTs based on the event energy
upon obtaining the vertex positions. Although studying the
energy might need modifications to the deep network as the
energy is a positive-definite quantity, the energy resolution is
important when considering physics sensitivity and thereby
also impacting the design of future antineutrino detectors
including JUNO.

In order to use the bottleneck DNN approach for new
detectors in designing phases, we suggest Monte Carlo
simulations using various 𝑁. Then, one can obtain the
(𝑃,𝑁, 𝑘) surface in the hyperspace, where 𝑃 is some
detector performance metric; 𝑁 and 𝑘 are as described
in this work. Experimentalists can then decide on the
(𝑃,𝑁, 𝑘) working point for their detector in accordance
with their construction budget and the desired detector
performance.
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Neutrino physics is a mature branch of science with all the three neutrino mixing angles and two mass squared differences
determined with high precision. In spite of several experimental verifications of neutrino oscillations and precise measurements
of two mass squared differences and the three mixing angles, the unitarity of the leptonic mixing matrix is not yet established,
leaving room for the presence of small nonunitarity effects. Deriving the bounds on these nonunitarity parameters from existing
experimental constraints, on cLFV decays such as 𝜇 → 𝑒𝛾, 𝜇 → 𝜏𝛾, and 𝜏 → 𝑒𝛾, we study their effects on the generation of
baryon asymmetry through leptogenesis and neutrino oscillation probabilities. We consider a model where see-saw is extended by
an additional singlet 𝑆 which is very light but can give rise to nonunitarity effects without affecting the form on see-saw formula.
We do a parameter scan of a minimal see-saw model in a type I see-saw framework satisfying the Planck data on baryon to photon
ratio of the Universe, which lies in the interval 5.8×10−10 < 𝑌�퐵 < 6.6×10−10(𝐵𝐵𝑁). We predict values of lightest neutrinomass and
Dirac and Majorana CP-violating phases 𝛿�퐶�푃, 𝛼, and 𝛽, for normal hierarchy and inverted hierarchy for one-flavor leptogenesis. It
is worth mentioning that all these four quantities are unknown yet, and future experiments will be measuring them.

1. Introduction

Neutrinos have nonzero masses.There are 3 known flavors of
neutrinos, ]�푒, ]�휇, and ]�휏, each of which couples only to the
charged lepton of the same flavor. ]�푒, ]�휇, and ]�휏 are superpo-
sitions of three mass eigenstates, |]�훼 >= ∑𝑈∗�훼�푖|]�푖 >, where𝛼 = 𝑒, 𝜇, 𝜏 and ]�푖 is the neutrino of definite mass 𝑚�푖. The
cosmological constraints of the sumof the ]masses bound are∑�푖𝑚(]�푖) < 0.23 eV from CMB, Planck 2015 data (CMB15+
LRG+ lensing + 𝐻0) [1]. We note that the lepton mixing
matrix𝑈 has a bigmixing andwe know almost nothing about
the phases. The discoveries of neutrino mass and leptonic
mixing have come from the observation of neutrino flavor
change, ]�훼 → ]�훽. CP violation interchanges every particle in a
process by its antiparticle. This CP violation can be produced
by the phase 𝛿�퐶�푃 in 𝑈. Neutrinos can have two types of mass
term in the Lagrangian−Dirac and Majorana mass terms. To
determine whether Majorana masses occur in nature, so that
]�푖 = ]�푖, the favorable approach to seek is Neutrinoless Double
Beta Decay (0]𝛽𝛽).

In the conventional type I see-saw framework, there
are Dirac and Majorana mass matrices 𝑚�퐷 and 𝑀�푅 in the
Lagrangian:

𝐿 = 12𝑁�푅𝑀�푅𝑁�푐�푅 + 𝑁�푅𝑚�퐷]�퐿 + ℎ.𝑐. (1)

The low-energy mass matrix is given by

𝑚] = −𝑚�푇�퐷𝑀−1�푅 𝑚�퐷. (2)

In the usual unitarity scenario, the three active neutrinos, the
flavor eigenstates ]�푒, ]�휇, and ]�휏 are connected to the mass
eigenstates ]1, ]2, and ]3 via ]�훼 = 𝑁�훼�푖]�푖, where𝑁†𝑁 = 1. Here𝑁 is the generalized neutrino mixing matrix which could be
either unitary or nonunitary. In the diagonal charged lepton
basis,𝑚] is diagonalized by a unitary matrix as

𝑈𝑃𝑚]𝑃†𝑈† = 𝑚�퐷] . (3)
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The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix is
UP, where U is𝑈
= ( 𝑐12𝑐13 𝑠12𝑐13 𝑠13𝑒−�푖�훿−𝑠12𝑐23 − 𝑐12𝑠23𝑠13𝑒�푖�훿 𝑐12𝑐23 − 𝑠12𝑠23𝑠13𝑒�푖�훿 𝑠23𝑐13𝑠12𝑠23 − 𝑐12𝑐23𝑠13𝑒�푖�훿 −𝑐12𝑠23 − 𝑠12𝑐23𝑠13𝑒�푖�훿 𝑐23𝑐13). (4)

Here 𝜃12 = 33.56∘, 𝜃23 = 41.6∘(50∘), 𝜃13 = 8.46∘(8.49∘) [3]
(see [3] for recent global fit values) are the solar, atmospheric,
and reactor angles for Normal Ordering (Inverted Ordering),
respectively. The Majorana phases reside in P, where

𝑃 = diag (1 𝑒�푖�훼 𝑒�푖(�훼+�훽)) . (5)

Cosmologists suggest that, just after the Big Bang, the
Universe contained equal amounts of matter and antimatter.
Today the Universe containsmatter but almost no antimatter.
This change needs that matter and antimatter act differently
(CP violation). The CP-violating scenario to explain this
change is leptogenesis. Leptogenesis is a natural outcome of
the see-saw mechanism. In the see-saw picture, we assume
that, just as there are 3 light neutrinos ]1, ]2, ]3, there are
3 heavy right-handed neutrinos 𝑀1,𝑀2,𝑀3, where 𝑀�푅 ∼109−14 GeV, 𝑀�푅 ∼ 𝑀1,𝑀2,𝑀3 which were there in the Hot
Big Bang. The𝑀�푅 decays modes are𝑀 → 𝑙− + 𝐻+,𝑀 → 𝑙+ + 𝐻−,𝑀 → ] + 𝐻0,𝑀 → ] + 𝐻0,

(6)

where 𝑙− are 𝑒−, 𝜇−, 𝜏− and 𝐻+, 𝐻−, 𝐻0 are SM Higgs. CP
violation effects in the 𝑀�푅 decays may result from phases in
the decay coupling constants. This leads to unequal numbers
of leptons (𝑙− and ]) and antileptons (𝑙+ and ]) in theUniverse:Γ (𝑀 → 𝑙+ + 𝐻−) ̸= Γ (𝑀 → 𝑙− + 𝐻+) . (7)

In leptogenesis, CP-violating decays of heavy Majorana
neutrinos create a lepton−antilepton asymmetry [4] and
then B+L violating sphaleron processes [5] at and above the
electroweak symmetry breaking scale convert part of this
asymmetry into the observed baryon-antibaryon asymmetry.
The heavy neutrinos are see-saw partners of the observed
light ones.

Depending on mass of the lightest heavy RH Majorana
neutrinos (whose decay causes leptogenesis) the leptogenesis
can be of three types: unflavored (or one-flavor), two-
flavored, and three-flavored leptogenesis. For unflavored lep-
togenesis, valid for𝑀1 ≥ 1011 GeV, we have taken here𝑀1 ∼1012 GeV where the flavor of the final state leptons plays no
role. It can be shown that for lower values of𝑀1 it depends on
the flavor of the final state leptons and hence is called flavored
leptogenesis [6]. Here we consider unflavored leptogenesis.

For unflavored leptogenesis, the decay asymmetry in the case
of hierarchical heavy neutrinos is given by [7]

𝜀1 = 18𝜋𝜐2 1(𝑚�퐷𝑚†�퐷)11∑2,3Im (𝑚�퐷𝑚†�퐷)21�푗 𝑓(𝑀2�푗𝑀21) , (8)

where 𝑓(𝑥) = −3/2√𝑥 for 𝑥 > 1, i.e., for hierarchical heavy
neutrinos. The baryon asymmetry of the Universe is pro-
portional to the decay asymmetry 𝜀1. The Dirac mass matrix𝑚�퐷 in terms of a complex and orthogonal matrix 𝑅 is [8]

𝑚�퐷 = 𝑖√𝑀�푅𝑅√𝑚�푑�푖�푎�푔] 𝑈†. (9)

The compatible quantity for leptogenesis is then

𝑚�퐷𝑚†�퐷 = √𝑀�푅𝑅√𝑚�푑�푖�푎�푔] 𝑈†𝑈√𝑚�푑�푖�푎�푔] 𝑅†√𝑀�푅
= √𝑀�푅𝑅𝑚�푑�푖�푎�푔] 𝑅†√𝑀�푅 (10)

If 𝑅 is real then there is no leptogenesis at all. Here, we have
taken 𝑅 = 𝑈 (see (4)). 𝑅 consists of the low-energy mixing
elements and the CP phases. Since unitarity of neutrino
mixing matrix has not been proved yet, if it is nonunitary,
then, for the neutrino mixing matrix N to be nonunitary, we
have

]�훼 = 𝑁�훼�푖]�푖, (11)

connecting the flavor andmass states.The nonunitary matrix
N can be written as 𝑁 = (1 + 𝜂)𝑈0, (12)

where 𝑈0 = 𝑈 ∗ 𝑃. If 𝑚], which is diagonalized by a non-
unitary mixing matrix, originates from the see-saw mecha-
nism, we have

𝑚�퐷 = 𝑖√𝑀�푅𝑅√𝑚�푑�푖�푎�푔] 𝑁†. (13)

And, thereupon, we have

𝑚�퐷𝑚†�퐷 = √𝑀�푅𝑅√𝑚�푑�푖�푎�푔] 𝑁†𝑁√𝑚�푑�푖�푎�푔] 𝑅†√𝑀�푅. (14)

For nonunitary 𝑈�푃�푀�푁�푆 matrix, 𝑁†𝑁 = 1 + 2𝑈†0𝜂𝑈0 ̸= 1.
Leptogenesis is no longer independent of the low-energy
phases. It depends on the phases in 𝑈0 as well as the
phases in 𝜂. Leptogenesis [9] is one of the exceedingly well-
inspired frameworks which produces baryon asymmetry of
the Universe through B + L violating electroweak sphaleron
process [5, 10].

In the conventional type I see-sawmechanism, due to the
mixing of the left-handed and right-handed neutrinos the
PMNS matrix is nonunitary. Nevertheless this nonunitarity
is too small to have any observable effects in lepton flavor
violation (LFV) or neutrino oscillation (see [7, 11, 12]). If we
want to connect the lepton mixing matrix to leptogenesis via
the Casas-Ibarra parametrization, then there should not be
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any significant sizeable contribution to 𝑚] and leptogenesis
other than the usual see-saw terms. Hence we must decouple
the origin of unitary violation from these terms. Mixing of
the light neutrinos with new physics creates nonunitarity in
the low-energy mixing matrix. We consider here a model as
used in [7] where the see-saw mechanism is enlarged by an
additional singlet sector, which leads to a 9 × 9 mass matrix.
Here

𝐿 = 12 (]�푐�퐿 𝑁�푅 𝑋)( 0 𝑚�푇�퐷 𝑚�푇𝑚�퐷 𝑀�푅 0𝑚 0 𝑀�푠)( ]�퐿𝑁�푐�푅𝑋�푐), (15)

where the upper left block is the one corresponding to usual
type I see-saw mechanism. It can be diagonalized with a
unitary matrix 𝐹, such that

𝐹�푇( 0 𝑚�푇�퐷 𝑚�푇𝑚�퐷 𝑀�푅 0𝑚 0 𝑀�푠)𝐹 = (𝑚�푑�푖�푎�푔] 0 00 𝑀�푅 00 0 𝑀�푑�푖�푎�푔�푠 ). (16)

The form of 𝐹 is as given in [7]. As discussed in [7] with
proper choice of various elements in 𝐹 and of 𝑀�푠, it can be
shown that 𝑚�푑�푖�푎�푔] = −𝑁�푇𝑚�퐷] 𝑀−1�푅 𝑚�퐷] �̃�, (17)

which shows that 𝑁 = (𝑁†)−1 is the lepton mixing matrix,
as there is no other significant contribution to the mass term
of the light neutrinos. Thus in this model the usual see-saw
mechanism remains unaltered with unmodified leptogenesis.
Here 𝑀�푅 does not couple to the new singlets but a sizeable
nonunitary lepton mixing matrix 𝑁 can be induced, thus
providing us with a framework where we can apply (14).

We consider here that lepton asymmetry is generated by
out-of-equilibrium decay of heavy right-handed Majorana
neutrinos into Higgs and lepton within the framework of
type I see-saw mechanism. In a hierarchical case of three
right-handed heavyMajorana neutrinos𝑀2,3 > 𝑀1, with the
lepton asymmetry created by the decay of𝑀1, the lightest one
of three heavy right-handed neutrinos is [13]

𝜀�훼1 = 18𝜋𝜐2
⋅ 1(𝑚†�퐷𝑚�퐷)11 [∑2,3Im [(𝑚∗�퐷)�훼1 (𝑚†�퐷𝑚�퐷)1�푗 (𝑚�퐷)�훼�푗]
⋅ 𝑔 (𝑥�푗) +∑

2,3

Im [(𝑚∗�퐷)�훼1 (𝑚†�퐷𝑚�퐷)�푗1 (𝑚�퐷)�훼�푗]
⋅ 11 − 𝑥�푗] .

(18)

Here 𝜐 = 174 GeV is the vacuum expectation value of the
SMHiggs and 𝑔(𝑥) = √𝑥(1+1/(1−𝑥)−(1+𝑥) ln((1+𝑥)/𝑥)),
where 𝑥�푗 = 𝑀2�푗 /𝑀21 .

At temperatures,𝑇 ≥ 1012 GeV, all the charged leptons are
in equilibrium because the direct and inverse decays are very
frequent and wash out any asymmetry. At moderate temper-
atures 𝑇 < 1012 GeV (𝑇 < 109 GeV), some particles decouple
and thus flavor effects play an important role in the calcula-
tion of lepton asymmetry [6, 14–18]. The regions of tempera-
tures belonging to 109 < 𝑇/𝐺𝑒𝑉 < 1012 and 𝑇/𝐺𝑒𝑉 < 109
are, respectively, denoted as two and three flavor regimes
of leptogenesis [19].

The building blocks of matter are the quarks, the charged
leptons, and the neutrinos. The discovery and study of the
Higgs boson at the Large Hadron Collider (LHC) have
provided strong evidence that the quarks and charged leptons
derive their masses from a coupling to the Higgs field. Most
theorists strongly believe that the origin of the neutrino
masses is different from the origin of the quark and charged
leptonmasses. Neutrino oscillation has proved that neutrinos
have nonzero masses. We and all matter may have descended
from heavy neutrinos. We list the values of 𝑚�푙�푖�푔ℎ�푡�푒�푠�푡 for one-
flavor for different hierarchies and unitarity and nonunitarity
of 𝑈�푃�푀�푁�푆 in Table 2 and check whether our values of𝑚�푙�푖�푔ℎ�푡�푒�푠�푡
are consistent with the constraints on the absolute scale of ]
masses.The new results presented in this work are as follows:

(i) We have calculated new values of nonunitarity param-
eters of𝑈�푃�푀�푁�푆 matrix from the bounds on rare cLFV decays.

(ii) Hence we predicted the absolute value of lightest
] mass in this regard. The values of lightest ] mass lie in
the ranges of 0.0018 eV to 0.0023 eV, 0.048 eV to 0.056 eV,
0.05 eV to 0.054 eV, and 0.053 eV to 0.062 eV in one-flavor
leptogenesis regime.

(iii) All these values satisfy the constraint ∑�푖𝑚(]�푖) <0.23 eV.
(iv) The predicted values of CP-violating phases, 𝛿�퐶�푃,

and Majorana phases 𝛼 and 𝛽 are 36∘, 72∘, 108∘, 144∘, 180∘,216∘, 252∘, 288∘, 324∘, and 360∘. Here the calculated values of
each of them, i.e., the Dirac CP-violating phase, 𝛿�퐶�푃, and the
Majorana phases 𝛼 and 𝛽, are found to be same.

The paper is organized as follows. In Section 2, we show
the effect of low-energy phenomenology of nonunitarity on
charged lepton flavor violating decays in type I see-saw
theories and present the values of various parameters used
in our analysis for the generation of baryon asymmetry
of the Universe through the mechanism of leptogenesis.
Section 3 contains our calculations and results. Section 4
contains analysis and discussions. Section 5 summarizes the
work.

2. Low-Energy Phenomenology of
Nonunitarity and Leptogenesis

One interesting feature of nonunitarity of the PMNS matrix
can be studied in rare charged lepton flavor violation (LFV)
decay processes. In the light of unitarity violation in decays
such as 𝛼 → 𝛽𝛾, (𝛼, 𝛽) = (𝜏, 𝜇), (𝜏, 𝑒) or (𝜇, 𝑒), the branching
ratio is [7]

𝐵𝑅 (𝛼 → 𝛽 + 𝛾)𝐵𝑅 (𝛼 → 𝛽 + ]]) = 100𝛼96𝜋 (𝑁𝑁†)
�훼�훽

2 . (19)
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Table 1: Our calculated constraints on nonunitarity parameters 𝜂�휏�푒, 𝜂�휏�휇, and 𝜂�휇�푒 using branching ratios of latest cLFV decays taken from [2].

Serial No. Latest updated Branching Ratios Calculated bounds
on cLFV Decays on |𝜂|�훼�훽

1 𝐵𝑅(𝜇 → 𝑒 + 𝛾) = 4.2 × 10−13 𝜂�휇�푒 = 6.64733013 × 10−6
2 𝐵𝑅(𝜏 → 𝜇 + 𝛾) = 4.4 × 10−8 𝜂�휏�휇 = 5.11766 × 10−3
3 𝐵𝑅(𝜏 → 𝑒 + 𝛾) = 3.3 × 10−8 𝜂�휏�푒 = 7.021 × 10−3
Also 𝐵𝑅 (𝜏 → 𝜇 + 𝛾)𝐵𝑅 (𝜏 → 𝜇 + ]]) ≃ 25𝛼6𝜋 𝜂�휇�휏2 ;

𝐵𝑅 (𝜏 → 𝜇 + 𝛾)4.2 × 10−10 ≃ 𝜂�휇�휏225 × 10−8 .
(20)

Using the latest updated constraint on 𝐵𝑅(𝜏 → 𝜇+𝛾) = 4.4×10−8 [2], one can derive bounds on |𝜂�휇�휏| from (23). It can be
shown that

𝐵𝑅 (𝜏 → 𝜇 + 𝛾)𝐵𝑅 (𝜇 → 𝑒 + 𝛾) = 𝐵𝑅 (𝜏 → 𝜇 + ]�휏]�휇)𝐵𝑅 (𝜇 → 𝑒 + ]�휇]�푒) × 𝜂�휇�휏2𝜂�휇�푒2 . (21)

Now, we calculate the ratio𝐵𝑅 (𝜏 → 𝜇 + ]�휏]�휇)𝐵𝑅 (𝜇 → 𝑒 + ]�휇]�푒) = 0.176745. (22)

Thus we find constraints on |𝜂�휇�푒| from (24), using the latest
constraint on 𝐵𝑅(𝜇 → 𝑒 + 𝛾), where 𝐵𝑅(𝜇 → 𝑒 + 𝛾) = 4.2 ×10−13 [2]. Again we have

𝐵𝑅 (𝜏 → 𝜇 + 𝛾)𝐵𝑅 (𝜏 → 𝑒 + 𝛾) = 𝐵𝑅 (𝜏 → 𝜇 + ]�휏]�휇)𝐵𝑅 (𝜏 → 𝑒 + ]�휇]�푒) × 𝜂�휇�휏2𝜂�휏�푒2 . (23)

From our calculation, the ratio 𝐵𝑅(𝜏 → 𝜇 + ]�휏]�휇)/𝐵𝑅(𝜏 →𝑒 + ]�휇]�푒) is 𝐵𝑅 (𝜏 → 𝜇 + ]�휏]�휇)𝐵𝑅 (𝜏 → 𝑒 + ]�휇]�푒) = 2.509. (24)

And then we calculate the latest updated bounds on |𝜂�휏�푒|.
The calculations are summarized in Table 1. The study of the
effects of leptonic nonunitarity on two- and three-flavored
leptogenesis is presented in [20]. We note that interesting
results on cLFV 𝜇 → 𝑒𝛾 in NUSM, NUHM, NUGM, and
mSUGRA models are presented in [21] in which we have
predicted some values of new SUSY particles that may be
detected at next run of LHC.

Returning to leptogenesis, the baryon asymmetry should
lie in the interval 5.8 × 10−10 < 𝑌�퐵 < 6.6 × 10−10 [22]. In
general, we have taken complex and orthogonal matrix 𝑅 =𝑈�푃�푀�푁�푆, but R can be taken as 𝑅 = 𝑉�퐶�퐾�푀 × 𝑈�푃�푀�푁�푆 in non-
SUSY SO(10)models [18] (see [18] for detailed discussion) as
studied in the context of breaking entanglement of octant of

𝜃23 and 𝛿�퐶�푃 in the light of baryon asymmetry of the Universe
through the mechanism of leptogenesis.

For the normally ordered light neutrino masses, we have

𝑀�푑�푖�푎�푔�푅 = diag (𝑀1,𝑀2,𝑀3) = 𝑀1diag(1, 𝑀2𝑀1 , 𝑀3𝑀1)
= 𝑀1diag(1, 𝑚1𝑚2 , 𝑚1𝑚3) , (25)

with 𝑚1 ∈ [10−6𝑒𝑉, 10−1𝑒𝑉], and 𝑚22 − 𝑚21 = 7.60 ×10−5𝑒𝑉2, 𝑚23 − 𝑚21 = 2.48 × 10−3𝑒𝑉2 as is evident from the
neutrino oscillation data [3], with𝑚1 being the lightest one of
three neutrino masses. For the inverted ordered light neu-
trino masses, we have

𝑀�푑�푖�푎�푔�푅 = diag (𝑀1,𝑀2,𝑀3) = 𝑀1diag(1, 𝑀2𝑀1 , 𝑀3𝑀1)
= 𝑀1diag(1, 𝑚1 ∗ 𝑚3𝑚22 , 𝑚1𝑚2) , (26)

with 𝑚3 being the lightest one of the three neutrino masses.
Next, we do the parameter scan for one-flavored leptogenesis
of a minimal see-saw model satisfying the Planck data on
baryon to photon ratio of the Universe for four cases:

(i) Normal hierarchical structure neutrino masses,
nonunitarity of PMNS matrix

(ii) Normal hierarchical structure neutrino masses, uni-
tarity of PMNS matrix

(iii) Inverted hierarchical structure of neutrino masses,
nonunitarity of PMNS matrix

(iv) Inverted hierarchical structure neutrino masses, uni-
tarity of PMNS matrix.

We perform random scan of the parameter space for NH
and IH in the light of recent ratio of the baryon to photon
density bounds 5.8×10−10 < 𝜂�퐵 < 6.6×10−10 in the following
ranges:𝑚1 (𝑚3) ∈ [10−6 𝑒𝑉, 0.1 𝑒𝑉] ([10−6 𝑒𝑉, 0.1 𝑒𝑉]) ,𝛿�퐶�푃 ∈ [0, 2𝜋] ,𝛼 ∈ [0, 2𝜋] ,𝛽 ∈ [0, 2𝜋] .

(27)

While doing parameter scan, we find values of lightest
neutrino mass, Majorana phases 𝛼, 𝛽, and Dirac CPV
phase 𝛿�퐶�푃, for which baryon to photon ratio 𝑌�퐵 lies in the
given range, for above four cases. This is done for one-
flavor/unflavored leptogenesis regime.
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Figure 1: Scatter plot of the lightest neutrino mass 𝑚1 against the baryon asymmetry of the Universe with normal hierarchy, nonunitarity
case in one-flavor leptogenesis regime. The values of𝑚1 [eV] along the x-axis are multiplied by 10−2.

(a) (b)

Figure 2: Variation of lightest neutrino mass 𝑚1 with Majorana phases 𝛼 and 𝛽 in case of NH, nonunitarity case in one-flavor leptogenesis
regime.𝑚1 is in eV. The values of𝑚1 [eV] in (a) and (b) along the x-axis are multiplied by 10−2.

3. Calculations and Results

Results of our analysis have been presented in Figures 1–9.
It can be seen from Figure 1 that in the one-flavor regime
NH structure of neutrino masses and nonunitarity textures
of PMNS matrix can give rise to correct baryon asymmetry
of the Universe, 5.8 × 10−10 < 𝑌�퐵 < 6.6 × 10−10, if the
lightest ] mass lies around 0.0018 eV to 0.0023 eV. A close
numerical inspection of the situation reveals that for a lightest
neutrino mass of 0.0024 eV-0.005 eV one can exceed the
upper bound on 𝑌�퐵. The dependence of lightest neutrino
mass 𝑚1 on Majorana phases 𝛼, 𝛽 is shown in (a), (b) of
Figure 2, respectively,𝑌�퐵 being constrained in the order 10−10.

We find that𝑀1 = 1012 GeV is favored in the light of baryon
asymmetry of the Universe for one-flavor regime.

Figure 3 shows the scatter plot of the lightest neutrino
mass 𝑚1 against the baryon asymmetry of the Universe with
Normal hierarchy and unitary 𝑈�푃�푀�푁�푆 in one-flavor regime.
For 𝑌�퐵 to be in the range, 5.8 × 10−10 < 𝜂�퐵 < 6.6 × 10−10, 𝑚1
lies between 0.048 eV and 0.056 eV. For𝑌�퐵 in the order 10−10,
the lightest neutrino mass 𝑚1 is mostly concentrated in the
region 0.043 eV to 0.06 eV.

In Figure 4 we have shown the variation of lightest neu-
trino mass𝑚1 with Dirac CP phase 𝛿�퐶�푃 and Majorana phase𝛼 for NH (normal hierarchy) and unitarity texture. For 𝑌�퐵 to
be in the consistent BAU range 5.8×10−10 < 𝑌�퐵 < 6.6×10−10,
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Figure 3: Scatter plot of the lightest neutrino mass 𝑚1 against the baryon asymmetry of the Universe with normal hierarchy, unitarity case
in one-flavor leptogenesis regime.

(a) (b)

Figure 4: Variation of lightest neutrino mass 𝑚1 on Dirac CP phase 𝛿�퐶�푃 and Majorana phases 𝛼 in case of NH unitarity case in one-flavor
leptogenesis regime.

one of the values of 𝛿�퐶�푃 predicted by us, i.e., 𝛿�퐶�푃 = 252.9∘
is also favored in the recent global fit values, 𝛿�퐶�푃 = 253.8∘
for normal hierarchy. It can be seen from Figure 5 that, in
the one-flavor regime, IH structure of neutrino masses and
nonunitarity textures of PMNSmatrix can give rise to baryon
asymmetry of theUniverse, of the order of 10−10, if the lightest
neutrino mass lies around 0.05 eV to 0.054 eV. Few points lie
in the region, 5.8 × 10−10 < 𝑌�퐵 < 6.6 × 10−10.

Figure 6 shows the scattered plot of lightest neutrino
mass 𝑚3 against Dirac CPV phase 𝛿�퐶�푃 and Majorana phase𝛼 in IH of neutrino mass and nonunitarity case of one-
flavor leptogenesis regime. Figure 7 shows the variation of
the lightest neutrino mass against the baryon asymmetry of
the Universe and Dirac CP phase 𝛿�퐶�푃 with inverted hierarchy

and unitarity case in one-flavor leptogenesis regime. For 𝑌�퐵
in the order 10−10, the lightest ] mass 𝑚3 is concentrated in
the region 0.053 eV to 0.062 eV. In Figure 8we have shown the
scatter plot of 𝑚3 with Majorana phases 𝛼 and 𝛽 for IH and
unitarity texture of 𝑈�푃�푀�푁�푆 in one-flavor leptogenesis regime.

In Figure 9, we have shown the effect of nonunitarity on
probability 𝑃(]�휇 → ]�푒) for a particular case of Long Baseline
Neutrino Experiments (DUNE, FNAL, USA). We have used
the value of baseline to be L = 1300 Km and values of other
oscillation parameters are taken from latest global fit [3]. It
can be seen that nonunitarity affects the probability, which
means that its effect could be studied in neutrino oscilla-
tion experiments provided we reach the required precision
level.
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Figure 5: Scatter plot of the lightest neutrino mass 𝑚3 against the baryon asymmetry of the Universe with inverted hierarchy, nonunitarity
case in one-flavor leptogenesis regime.

(a) (b)

Figure 6: Variation of lightest neutrino mass 𝑚3 against Dirac CP phase 𝛿�퐶�푃 and Majorana phase 𝛼 in case of IH, nonunitarity case in
one-flavor leptogenesis regime. The values of𝑚3 [eV] in (b) along the x-axis are multiplied by 10−2.
4. Analysis and Discussion

We present here some comments that reflect the main
inference of this work. From the results presented in Table 2
we see that in all the four cases there exist values of lightest
neutrino mass, satisfying the constraint ∑�푖𝑚(]�푖) < 0.23eV
and those of present day baryon asymmetry of the Universe.
The analysis of our results can be summarized as follows:

(i) One-flavor leptogenesis:The value of lightest neutrino
mass shifts to higher value in IH case, as compared to NH.
Nonunitarity effects decrease the value of lightest neutrino
mass in both NH and IH and the diminishing effect is more
severe in NH.

(ii)We also found that nonunitarity affects the probability
of ] oscillation 𝑃(]�휇 → ]�푒).

Table 2: Our calculated results for 𝑚�푙�푖�푔ℎ�푡�푒�푠�푡 with inverted hierarchy,
normal hierarchy, and one-flavor leptogenesis. The symbol ✓ (×) is
used when 𝑌�퐵 is within (not within) updated BAU range.

Case 𝑚�푙�푖�푔ℎ�푡�푒�푠�푡 One Flavor
NH, non-unitarity 0.0018 eV to 0.0023 eV ✓
NH, unitarity 0.048 eV to 0.056 eV ✓
IH, non-unitarity 0.05 eV to 0.054 eV ✓
IH, unitarity 0.053 eV to 0.062 eV ✓

(iii) The predicted values of CP-violating phases, 𝛿�퐶�푃,
and Majorana phases 𝛼 and 𝛽 are 36∘, 72∘, 108∘, 144∘, 180∘,216∘, 252∘, 288∘, 324∘, and 360∘. Here the calculated values of
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(a) (b)

Figure 7: Scatter plot of the lightest neutrino mass against the baryon asymmetry of the Universe and Dirac CP phase 𝛿�퐶�푃 with inverted
hierarchy, unitarity case in one-flavor leptogenesis regime. For 𝑌�퐵 in the order 10−10, the lightest ] mass 𝑚3 is concentrated in the region
0.053eV to 0.062 eV. The values of𝑚3 [eV] in (b) along the x-axis are multiplied by 10−2.

(a) (b)

Figure 8: Variation of lightest neutrino mass𝑚3 with Majorana phases 𝛼 and 𝛽 for IH, unitarity texture of 𝑈�푃�푀�푁�푆 in one-flavor leptogenesis
regime. The values of𝑚3 [eV] in (a) along the x-axis are multiplied by 10−2.
each of the Dirac CP-violating phase, 𝛿�퐶�푃, and the Majorana
phases 𝛼 and 𝛽 are found to have the same set of values, i.e.,36∘, 72∘, 108∘, 144∘, 180∘, 216∘, 252∘, 288∘, 324∘, and 360∘.
5. Conclusion

In conclusion, in this work, we have considered the possibility
that the neutrino mixing matrix (considering charged lepton
mass matrix to be diagonal), 𝑈�푃�푀�푁�푆, could be nonunitary
and then calculated the limits on nonunitary parameters𝜂�휇�푒, 𝜂�휏�푒, and 𝜂�휏�휇 (see Table 1) from latest constraints on
branching ratios of cLFV decays. It is well known that in
usual type I see-saw mechanism, mixing of left- and right-
handed neutrinos may lead to nonunitarity but it has been

found that [11] its effect is not significant for processes like
lepton flavor violation and neutrino oscillation.Therefore we
consider here a model (see [7]) where see-saw is extended
by an additional singlet (very light) which, although induc-
ing nonunitarity of the 𝑈�푃�푀�푁�푆 matrix, leaves formula for
see-saw mechanism unmodified. This nonunitarity however
may affect leptogenesis. Baryogenesis through leptogenesis
is believed to be responsible for producing the matter-
antimatter asymmetry present in the present day Universe,
which can be expressed through parameter 𝑌�퐵 (baryon to
photon ratio). We then analysed how the nonunitarity of𝑈�푃�푀�푁�푆 can affect leptogenesis and hence calculated the values
of lightest ]mass, Dirac CPVphase 𝛿�퐶�푃, andMajorana phases𝛼 and 𝛽, such that 𝑌�퐵 lies in the present day constraints
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Figure 9: Variation of 𝑃(]�휇 → ]�푒) against energy E in Long Baseline Neutrino Experiments with value of Dirac CP phase, 𝛿�퐶�푃 = 1.45𝜋, equal
to the best fit value [3]. The yellow (red) curve in the figure corresponds to unitarity (nonunitarity) of PMNS matrix.

Table 3: The results for Dirac CPV phase 𝛿�퐶�푃 and two Majorana
phases 𝛼, 𝛽 of all the four cases mentioned above in one flavor
leptogenesis regime in this work. Here the calculated values of each
of them (theDirac CP-violating phase, 𝛿�퐶�푃, and theMajorana phases𝛼 and 𝛽) are found to have the same set of values, i.e., 36∘, 72∘, 108∘,144∘, 180∘, 216∘, 252∘, 288∘, 324∘, and 360∘.𝛿�퐶�푃, 𝛼, 𝛽36∘, 72∘, 108∘,144∘, 180∘, 216∘,252∘, 288∘, 324∘,360∘
(5.8 × 10−10 < 𝑌�퐵 < 6.6 × 10−10). This was done using type I
see-saw mechanisms for producing light neutrino masses.

Above analysis was done for different cases: NH neutrino
masses, unitary 𝑈�푃�푀�푁�푆; NH neutrino masses, nonunitary𝑈�푃�푀�푁�푆; IH neutrino masses, unitary 𝑈�푃�푀�푁�푆; IH neutrino
masses, nonunitary 𝑈�푃�푀�푁�푆. We discussed these issues for
unflavored leptogenesis regimes, for which 𝑀1 ≥ 1012
GeV, where 𝑀1 is the lightest one of the three heavy right-
handedMajorana neutrinos, whose out-of-equilibriumdecay
produces lepton asymmetry (which in turn can be converted
to BAU).

In this work, we have calculated new limits on nonunitar-
ity parameters using latest bounds on cLFV decays and thus
predicted values of lightest neutrino mass (Table 2) for both
the hierarchies, which is still unknown experimentally. We
also have predicted values of CPVphases− 𝛿�퐶�푃 (Dirac phase)
and 𝛼 and 𝛽 (Majorana phases), which are also unknown
so far (Table 3). Though Majorana phases do not affect
neutrino oscillation probability, they may affect neutrino
mass measurements in 0]𝛽𝛽 experiments. Hence the results

in this work are important, keeping in view that in future
experiments will be endeavoring to measure the values of
absolute value of neutrino mass and CP-violating phase 𝛿�퐶�푃
and 𝛼, 𝛽 (Majorana phases). Future measurements related to
Dirac CPV phase in neutrino experiments will validate or
contradict some of the results presented here. Our analysis
in this work only provides a benchmark for consistent works
affiliated to model building.
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A brief review is given of the current state of the problem of neutrino pair emission through neutral weak currents caused by the
Cooper pairs breaking and formation (PBF) in superfluid baryon matter at thermal equilibrium. The cases of singlet-state pairing
with isotropic superfluid gap and spin-triplet pairing with an anisotropic gap are analyzed with allowance for the anomalous weak
interactions caused by superfluidity. It is shown that taking into account the anomalous weak interactions in both the vector and
axial channels is very important for a correct description of neutrino energy losses through the PBF processes. The anomalous
contributions lead to an almost complete suppression of the PBF neutrino emission in spin-singlet superfluids and strong reduction
of the PBF neutrino losses in the spin-triplet superfluid neutronmatter, which considerably slows down the cooling rate of neutron
stars with superfluid cores.

1. Introduction

At the long cooling era, the evolution of a neutron star
(NS) surface temperature crucially depends on the overall
rate of neutrino emission out of the star. The cooling
dynamics below the superfluid transition temperature is
governed primarily by the superfluid component of nucleon
matter. The superfluidity of nucleons in NSs strongly sup-
presses most mechanisms of neutrino emission operating
in the nonsuperfluid nucleon matter (the bremsstrahlung
at nucleon collisions, modified Urca processes, etc. [1, 2])
but simultaneously strongly reduces the heat capacity and
triggers the emission of neutrino pairs through neutral weak
currents caused by the nucleon Cooper pair breaking and
formation (PBF) processes in thermal equilibrium. Neutrino
emission from Cooper pairs is currently thought to be the
dominant cooling mechanism of baryon matter, for some
ranges of the temperature and/or matter density. The total
energy 𝜔 = 𝜔1 + 𝜔2 and momentum k = k1 + k2 of
an escaping (massless) neutrino pair form a time-like four-
momentum 𝐾 = (𝜔, k), so the process is kinematically
allowed only because of the existence of a superfluid energy
gap Δ, which admits the nucleon transitions with 𝜔 > 2Δ
and 𝑘 < 𝜔. (We use the StandardModel of weak interactions,

the system of units ℏ = 𝑐 = 1, and the Boltzmann constant𝑘�퐵 = 1.)
The simplest case for baryon pairing corresponds to two

particles correlated in the 1S0 state with the total spin 𝑆 = 0
and orbital momentum 𝐿 = 0. The neutrino emissivity due
to the PBF processes in the spin-singlet superfluid nucleon
matter was first suggested and calculated by Flowers et al.
[3]. The result of this calculation was recovered later by
other authors [4–6]. Similar mechanism for the neutrino
energy losses due to spin-singlet pairing of hyperons was
suggested in [7–9]. For more than three decades these
ideas were a key ingredient in numerical simulations of NS
evolution (e.g., [10–12]). However, after such a long period, it
was unexpectedly found that the PBF emission of neutrino
pairs is practically absent in a nonrelativistic spin-singlet
superfluid liquid [13]. Later this result was confirmed in other
calculations [14–16]. (Note also the controversial work [17].)

The importance of the suppression of the PBF neutrino
emission from the 1S0 superfluid was first understood in [18]
in connectionwith the fact that the previous theory predicted
a too rapid cooling of the NS’s crust, which dramatically
contradicts the observed data of superbursts [19].

The 1S0 neutron pairing in NS is essentially restricted
to the crust. As a result, in the NS evolution, effects of
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the suppression are mostly observed during the thermal
relaxation of the crust [20–22]. The significant revision of
PBF neutrino emission from this relatively thin layer does
not change substantially the total energy losses from the star.
The most neutrino losses occur from the NS core, which
occupies more than 90% of the star’s volume and contains the
superfluid neutrons paired in the 3P2 state with 𝑆 = 1, 𝐿 = 1,
and 𝐽 = 2 [23, 24].

In the commonly used version of the minimal cooling
paradigm, the emission of 3P2 pairing was reduced by only
about 30% due to the suppression of the vector channel of
weak interactions [22, 25, 26]. This approach does not take
into account the anomalous axial-vector weak interactions,
existing due to spin fluctuations in the spin-triplet superfluid
neutron matter [27]. Some simulations of the NS evolution
accounting for the anomalous contributions predict a raising
of its surface temperature and argue that a full exploration of
this effect is necessary [28] (also see [29, 30]).

A correct description of the efficiency of neutrino emis-
sion in the PBF processes allows for a better understanding
of observations [31–33]. This review is devoted to the current
state of this problem. Since the complete calculations have
been published repeatedly (e.g., [13, 27, 34]), I will briefly
sketch the main steps of the derivation, referring the reader
to the original papers for more detailed information.

2. Preliminary Notes

The low-energy Hamiltonian of the weak interaction may
be described in a point-like approximation. For interactions
mediated byneutralweak currents, it can bewritten as follows
(e.g., [1]):

Hvac = − 𝐺�퐹2√2𝐽�휇�퐵𝑙�휇. (1)

Here 𝐺�퐹 is the Fermi coupling constant, and the neutrino
weak current is given by 𝑙�휇 = ]𝛾�휇(1 − 𝛾5)], where 𝛾�휇 are Dirac
matrices (𝜇 = 0, 1, 2, 3) and 𝛾5 = −𝑖𝛾0𝛾1𝛾2𝛾3. The neutral
weak current of the baryon, 𝐽�휇 = 𝐶�푉𝐽�푉�휇 −𝐶�퐴𝐽�퐴�휇 , represents the
combination of the vector and axial-vector terms, 𝐽�푉�휇 = 𝜓𝛾�휇𝜓
and 𝐽�퐴�휇 = 𝜓𝛾�휇𝛾5𝜓, respectively. Here 𝜓 represents the baryon
field.Theweak coupling constants𝐶�푉 and𝐶�퐴 are determined
by quark composition of the baryons. For the reactions with
neutrons, one has 𝐶�푉 = 1 and 𝐶�퐴 = 𝑔�퐴, while, for those
with protons, 𝐶�푉 ≃ −0.08 and 𝐶�퐴 = −𝑔�퐴, where 𝑔�퐴 ≃ 1.26
is the axial-vector constant. Notice that similar interaction
Hamiltonian, but with other coupling constants, describes
the neutrino weak interaction of hyperons in NS matter (e.g.,
[35]).

In the nonrelativistic nucleon system, the vector part
of the weak current can be approximated by its temporal
component

𝐽�푉0 = 𝜓+1̂𝜓, (2)

where 1̂ = 𝛿�훼�훽. Throughout the text, a hat means a 2 × 2
matrix in spin space and 𝛼, 𝛽 = ↑, ↓. The axial weak current is
given dominantly by its space component

J�퐴 = 𝜓+�̂�𝜓, (3)
where �̂� = (�̂�1, �̂�2, �̂�3) are Pauli spin matrices.

It is important to notice that the vector weak current
is conserved in the standard theory. The conservation law
implies that the transition matrix element in the vector
channel of the reaction obeys the relation

𝜔 (𝐽�푉0 )�푓�푖 = k (J�푉)
�푓�푖
. (4)

The transferred momentum k enters into the medium
response function through the quasiparticle energy, which
for 𝑘 ≪ 𝑝�퐹 in a degenerate Fermi liquid takes the form𝜉p+k ≃ V�퐹(𝑝−𝑝�퐹)+kk�퐹.Thus, in the absence of external fields,
the momentum transfer k enters the response function of the
medium only in combination with the Fermi velocity, which
is small in the nonrelativistic system, V�퐹 ≪ 1. Therefore, for
the PBF processes the relation 𝑘V�퐹 ≪ 𝜔,Δ is always satisfied.
This allows one to evaluate the medium response function in
the long-wave limit k → 0. Together with the conservation
law (4) this immediately yields (𝐽�푉0 )�푓�푖 = 0 for 𝜔 > 2Δ, which
means that the neutrino pair emission through the vector
channel of weak interactions is strongly suppressed in the
nonrelativistic system.This important fact was overlooked for
a long time, since a direct calculation shows that the matrix
element (𝐽�푉0 )�푓�푖 for the recombination of two Bogolons into
the condensate does not vanish, which erroneously leads to a
large neutrino emissivity through the vector channel.

First calculations of the PBF neutrino energy losses were
performed using a vacuum-type weak interactions assuming
that the medium effects can be taken into account by
introducing effective masses of participating quasiparticles
[3, 6]. This resulted in a substantial overestimate of the PBF
neutrino energy losses from the superfluid core and inner
crust of NSs. Only three decades later has it been understood
that the calculation of neutrino radiation from a superfluid
Fermi liquid requires a more delicate approach.

Within the Nambu-Gor’kov formalism the effective ver-
tex of nucleon interactions with an external neutrino field
represents a 2 × 2 matrix in the particle-hole space. This
matrix is diagonal for nucleons in the normal Fermi liquid
but it gets the off-diagonal entries in superfluid systems [36–
39]. The diagonal elements represent the ordinary (dressed)
vertices of the field interaction with quasiparticles and holes,
respectively, while the off-diagonal elements of the matrix
represent the effective vertices for a virtual breaking and
formation of Cooper pairs in the external field. In other
words, the off-diagonal components of the vertex matrix
describe a coupling of the external field with fluctuations of
the order parameter in the superfluid Fermi liquid. These so-
called “anomalous weak interactions” should be necessarily
taken into account when calculating the neutrino energy
losses from superfluid cores of NSs.

In particular, the anomalous weak interactions are crucial
for the neutrino emission caused by the PBF processes.
For example, in nonrelativistic systems, the ordinary and
anomalous contributions into the matrix element of the
weak vector transition current are mutually cancelled in the
long-wave limit, leading to a strong suppression of the PBF
neutrino emission [13].Themore accurate calculation [14, 16]
has shown that the neutrino pair emission owing to the
density fluctuations is suppressed proportionally to V4�퐹. This
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reflects the well known fact that the dipole radiation is not
possible in the vector channel in the collision of two identical
particles. Thus, exactly due to the anomalous contributions,
the PBF neutrino emission in the vector channel of weak
interactions is practically absent.

In the case of 1S0 pairing this has far-reaching conse-
quences. The total spin S = 0 of the nonrelativistic Cooper
pair is conserved. Therefore the neutrino emission through
the axial-vector channel of weak interactions could arise only
due to small relativistic effects and is proportional to V2�퐹
[3, 15]. Thus the PBF neutrino energy losses due to singlet-
state pairing of baryons can, in practice, be neglected in
simulations of NS cooling.This makes the neutrino radiation
from 1S0 pairing of protons or hyperons unimportant.

The minimal cooling paradigm [22] suggests that, below
the critical temperature for a triplet pairing of neutrons, the
dominant neutrino energy losses occur from the superfluid
neutron liquid in the inner core of a NS. It is commonly
believed [23, 24, 40–42] that, in this case, the 3P2 pairing
(with a small admixture of 3F2 state) takes place with a
preferred magnetic quantum number𝑀�퐽 = 0. Since the spin
of a Cooper pair in the 3P2 state is 𝑆 = 1 the spin fluctuations
are possible and the PBF neutrino energy losses from the
neutron superfluid occur through the axial channel of weak
interactions.

The pairing interaction, in the most attractive 3P2 chan-
nel, can be written as [23]

Γ�훼�훽,�훾�훿 (p, p�耠)
= 𝜋2𝑝�퐹𝑚∗𝑉(𝑝, 𝑝�耠) [b (n) �̂�𝑖�̂�2]�훼�훽 [𝑖�̂�2�̂�b (n�耠)]

�훾�훿
, (5)

where 𝑉(𝑝, 𝑝�耠) is the corresponding interaction amplitude;𝑝�퐹 and 𝑚∗ = 𝑝�퐹/V�퐹 are the Fermi momentum and the
neutron effective mass, respectively, so that 𝑝�퐹𝑚∗/𝜋2 is
the density of states near the Fermi surface. The angular
dependence of the interaction is represented by Cartesian
components of the unit vector n = p/𝑝 which involves the
polar angles on the Fermi surface,

𝑛1 = sin 𝜃 cos𝜑,
𝑛2 = sin 𝜃 sin𝜑,
𝑛3 = cos 𝜃.

(6)

Further, b(n) is a real vector in the spin space, normalizable
by condition

⟨𝑏2 (n)⟩ = 1. (7)

Hereafter we use the angle brackets to denote angle averages,

⟨⋅ ⋅ ⋅⟩ ≡ 14𝜋 ∫𝑑n ⋅ ⋅ ⋅ = 12 ∫1
−1

𝑑𝑛3 ∫2�휋
0

𝑑𝜑2𝜋 ⋅ ⋅ ⋅ . (8)

For spin-triplet pairing, the order parameter𝐷 ≡ 𝐷�훼�훽(n)
is a symmetric matrix in the spin space, which near the Fermi
surface can be written as follows (see, e.g., [43]):

𝐷 (n, 𝑇) = Δb�̂�𝑖�̂�2, (9)

where the temperature-dependent gap amplitude Δ(𝑇) is a
real constant.

The vector b defines the angle anisotropy of energy
gap which depends on the phase state of the superfluid
condensate. In general, this vector can be written in the form𝑏�푖 = 𝐴�푖�푗𝑛�푗, where𝐴�푖�푗 is a 3 × 3matrix. In the case of a unitary
3P2 condensate the matrix 𝐴�푖�푗 must be a real symmetric
traceless tensor. It may be specified by giving the orienta-
tion of its principal axes and its two independent diagonal
elements in its principal-axis coordinate system. Within the
preferred coordinate system, the ground state with𝑀�퐽 = 0 is
described by the matrix

𝐴�푖�푗 = 1√2 diag (−1, −1, 2) (10)

and 𝑏2(n) = 1/2(1 + 3cos2𝜃).
3. General Approach to Neutrino
Energy Losses

Thermal fluctuations of the neutral weak currents in nucleon
matter are closely related to the imaginary, dissipative part
of the response function of the medium onto the external
neutrino field. According to the fluctuation-dissipation the-
orem, the total energy loss per unit volume and time caused
by thermal fluctuations of the neutral weak current in the
nucleon matter is given by the following formula:

𝑄 = 𝐺2�퐹8 ∑
]
∫𝜔

⋅ 2 ImΠ�휇] (𝜔, k)Tr (𝑙�휇𝑙]∗)1 − exp (𝜔/𝑇) 𝑑3𝑘12𝜔1 (2𝜋)3
𝑑3𝑘22𝜔2 (2𝜋)3 ,

(11)

where ImΠ�휇] is the imaginary part of the retarded weak
polarization tensor. The integration goes over the phase
volume of neutrinos and antineutrinos of total energy 𝜔 =𝜔1 + 𝜔2 and total momentum k = k1 + k2. The symbol∑] indicates a summation over three neutrino flavors. The
factor [1 − exp(𝜔/𝑇)]−1 occurs as a result of averaging over
the Gibbs distribution, which must be performed at finite
ambient temperatures.

By inserting ∫𝑑4𝐾𝛿(4)(𝐾 − 𝐾1 −𝐾2) = 1 in this equation
and making use of the Lenard’s integral

∫ 𝑑3𝑘12𝜔1
𝑑3𝑘22𝜔2 𝛿

(4) (𝐾 − 𝐾1 − 𝐾2)Tr (𝑙�휇𝑙]∗)
= 4𝜋3 (𝐾�휇𝐾] − 𝐾2𝑔�휇])Θ (𝐾2)Θ (𝜔) ,

(12)

where 𝐾1 = (𝜔1, k1), 𝐾2 = (𝜔2, k2), Θ(𝑥) is the Heaviside
step function, and 𝑔�휇] = diag(1, −1, −1, −1) is the signature
tensor, we can write

𝑄 = 𝐺2�퐹N]192𝜋5 ∫
∞

0
𝑑𝜔∫𝑑3𝑘

⋅ 𝜔Θ (𝜔 − 𝑘)1 − exp (𝜔/𝑇) ImΠ�휇] (𝜔, k) (𝐾�휇𝐾] − 𝐾2𝑔�휇]) ,
(13)

whereN] = 3 is the number of neutrino flavors.
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Figure 1: Graphs for the polarization tensor.

In general, the weak polarization tensor of the medium is
a sum of the vector-vector, axial-axial, and mixed terms. The
mixed vector-axial polarization has to be an antisymmetric
tensor, and its contraction in (13) with the symmetric tensor𝐾�휇𝐾] −𝐾2𝑔�휇] vanishes.Thus only the pure-vector and pure-
axial polarization should be taken into account. We then
obtain

ImΠ�휇] = 𝐶2�푉 ImΠ�푉�휇] + 𝐶2�퐴 ImΠ�퐴�휇], (14)

where 𝐶�푉 and 𝐶�퐴 are vector and axial-vector weak coupling
constants of a neutron, respectively.

4. Weak Interactions in Superfluid
Fermi Liquids

Physically, the polarization tensor represents a correction to
the Z-boson self-energy in the medium. Making use of the
adopted graphical notation for the ordinary and anomalous
propagators,𝐺 = ,𝐺−(𝑝) = ,𝐹(1)= , and𝐹(2)
= , one can represent the polarization function in each
of the channels as the sum of graphs depicted in Figure 1.

As can be seen, the field interaction with superfluid
fermions should be described with the aid of four effective
three-point vertices. There are two usual effective vertices
(shown by dots) corresponding to the creation of a particle
and a hole by the Z-field. Let us denote them as 𝜏(n; 𝜔, k) and𝜏−(n; 𝜔, k) ≡ 𝜏�푇(−n; 𝜔, k), respectively. We omit the Dirac
indices in these symbolic notations. In reality, according
to (2) and (3), the nonrelativistic ordinary vector vertex is
represented by its temporal component; that is, it is a scalar
matrix in spin space. The ordinary axial-vector vertices of a
particle and a hole are represented by space-vectors whose
components consist of spin matrices.

Two more vertices, represented by triangles, correspond
to the creation of two particles or two holes. These so-called
“anomalous” vertices appear because the pairing interaction
among quasiparticles is to be incorporated in the coupling
vertex up to the same degree of approximation as in the
self-energy of a quasiparticle [36, 37]. This means that the
anomalous effective vertices are given by infinite sums of
diagrams with allowance for pair interaction in the ladder
approximation, in the same way as in the gap equations.

Given by the sum of ladder-type diagrams [38], the
anomalous vertices are to satisfy Dyson’s equations symbol-
ically depicted by graphs in Figure 2(a). In these graphs, the
rectangles denote pairing interaction, which in the channel
of two quasiparticles is given by (5). The vertex equations are
to be supplemented by the gap equation shown graphically
in Figure 2(b). This equation, whose solution is assumed
to be known, serves to eliminate the amplitude of the pair
interaction from the vertex equations near the Fermi surface.
The standard gap equation involves integrations over the

= +++

= +++

(a)

; == ΔΔ

(b)

Figure 2: Dyson’s equations for the anomalous vertices (a) and
the gap equations (b). Shaded rectangles represent the pairing
interaction.

regions far from the Fermi surface. This integration can be
eliminated by means of the renormalization of the pairing
interaction, as suggested in [39]. Details of this calculation
can be found in [34].

The analytic form of the quasiparticle propagators in the
momentum representation can be written as

𝐺 = 𝐺 (𝜀�푠, p) 1̂,
𝐹(1) = 𝐹 (𝜀�푠, p) (b�̂�) 𝑖�̂�2,
𝐹(2) = 𝐹(1)† (−𝜀�푠, −p) = 𝑖�̂�2 (b�̂�) 𝐹 (−𝜀�푠, −p) .

(15)

Making use of theMatsubara calculation technique we define
the scalar part of the Green functions

𝐺 (𝜀�푠, p) = −𝑖𝜀�푠 − 𝜉�푝𝜀2�푠 + 𝐸2p ,
𝐹 (𝜀�푠, p) = Δ𝜀2�푠 + 𝐸2p .

(16)

Here 𝜀�푠 = (2𝑠+1)𝜋𝑇with 𝑠 = 0, ±1, ±2, . . . being the fermionic
Matsubara frequency which depends on the temperature 𝑇,
and

𝐸 = √𝜉2 + Δ2n (17)

stands for the Bogolon energy. The angle-dependent energy
gap is given by Δ2n ≡ Δ2𝑏2(n).

It should be noted that, by virtue of (7), the amplitudeΔ(𝑇) is chosen to represent the energy gap averaged over
the Fermi surface. Thus determined, the energy gap gives a
general measure of the pairing correction to the energy of the
ground state in the preferred state.

In general, the ordinary vertices in the Dyson equations
should be dressed owing to residual Fermi-liquid interac-
tions. We neglect this effect and account for the residual
interactions by means of the effective nucleon mass only.
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In this case the ordinary vertices are as defined in (2) and
(3). Namely, the nonrelativistic ordinary vector vertex is
represented by its temporal component

𝜏�푉 = 𝜏−�푉 = 1̂. (18)

The ordinary axial-vector vertices of a particle and a hole are
to be taken as

𝜏�퐴 = �̂�,
𝜏−�퐴 = �̂��푇, (19)

where the superscript “𝑇” transposes the matrix.
In the case of pairing in the channel with spin, orbital, and

total angularmomenta, 𝑆 = 1, 𝐿 = 1, 𝐽 = 2, respectively, one
can search for the anomalous vertices near the Fermi surface
in the form of expansions over the eigenfunctions of the total
angular momentum (𝐽,𝑀)with 𝐽 = 2 and𝑀 = 0, ±1, ±2. For
our calculations it is convenient to use vector notation which
involves a set of mutually orthogonal complex vectors b�푀(n)
in spin space which generates standard spin-angle matrices
according to

1√8𝜋b�푀 (n) �̂�𝑖�̂�2 ≡ ∑
�푀𝑆+�푀𝐿=�푀

(12 12𝛼𝛽 | 1𝑀�푆)
⋅ (11𝑀�푆𝑀�퐿 | 2𝑀)𝑌1,�푀𝐿 (n) ,

(20)

where 𝛼, 𝛽 =↑, ↓ denote spin projections.
These vectors are of the form

b0 = √12 (−𝑛1, −𝑛2, 2𝑛3) ,
b1 = −√34 (𝑛3, 𝑖𝑛3, 𝑛1 + 𝑖𝑛2) ,
b2 = √34 (𝑛1 + 𝑖𝑛2, 𝑖𝑛1 − 𝑛2, 0) ,

b−�푀 = (−)�푀 b∗�푀.

(21)

These are normalized by the condition

⟨b∗�푀b�푀⟩ = 𝛿�푀�푀. (22)

Generally speaking, the anomalous vertices are func-
tions of the transferred energy and momentum (𝜔, k) and
the direction n of the quasiparticle momentum. As was
mentioned in Introduction, it is sufficient to evaluate the
medium response function in the limit k → 0. Then the
nonrelativistic anomalous vector vertex can be expanded in
the eigenfunctions of the total angular momentum 𝐽 = 2 in
the form

T̂
(1) = ∑
�푀

B
(1)
�푀 (𝜔) b�푀�̂�𝑖�̂�2,

T̂
(2) = ∑
�푀

B
(2)
�푀 (𝜔) 𝑖�̂�2�̂�b�푀.

(23)

Accordingly, the anomalous axial-vector vertices can be
represented in the form

T̂(1) = ∑
�푀

B(1)�푀 (𝜔) b�푀�̂�𝑖�̂�2,
T̂(2) = ∑

�푀

B(2)�푀 (𝜔) 𝑖�̂�2�̂�b�푀.
(24)

Making use of these general forms in theDyson equations
together with the corresponding ordinary vertices, after
tedious computations, one can get [34] in the vector channel

B
(1)
�푀 = −B(2)�푀 ≡ B�푀, (25)

whereB�푀 obeys the equation

∑
�푀

2⟨[(Ω2 − 𝑏2) b∗�푀b�푀 + (b∗�푀b) (b�푀b)]I0⟩
⋅B�푀 + ⟨(𝑏2�푀 − 𝑏2)𝐴⟩B�푀 = 2Ω⟨(b∗�푀b)I0⟩ .

(26)

In the axial-vector channel one finds

B(1)�푀 = B(2)�푀 ≡ B�푀 (27)

with B�푀 satisfying the equation

∑
�푀

2 ⟨[Ω2b∗�푀b�푀 − (b∗�푀b) (b�푀b)]I0⟩B�푀
+ ⟨(𝑏2�푀 − 𝑏2)𝐴⟩B�푀 = −2𝑖Ω⟨(b∗�푀 × b)I0⟩ .

(28)

In the above expressions, the following notation is used:

Ω = 𝜔2Δ. (29)

The functionsI0(𝜔,n, 𝑇) and 𝐴(n, 𝑇) are given by

I0 (𝜔,n) = ∫∞
−∞

𝑑𝜉𝐸 Δ2
4𝐸2 − (𝜔 + 𝑖0)2 tanh

𝐸2𝑇, (30)

𝐴 (n) ≡ ∫∞
−∞

𝑑𝜉( 12𝐸 tanh 𝐸2𝑇 − 12𝜉 tanh 𝜉2𝑇) . (31)

From (26) and (28) it is seen that an accurate calcu-
lation of the anisotropic anomalous vertices at arbitrary
temperatures apparently requires numerical computations.
It would be desirable, however, to get reasonable analytic
expressions for the anomalous vertices, which can be applied
to a calculation of the neutrino energy losses. To proceed,
let us notice that the anisotropy of the functions I0(𝜔,n)
and 𝐴(n) is due to the dependence of the energy of the
Bogolons (17) on the direction of the momentum relative to
the quantization axis. In a uniform system without external
fields and at absolute zero, the orientation of the quantization
axis is arbitrary. For equilibrium at a nonzero temperature
this leads to the formation of a loose domain structure [44],
where each microscopic domain has a randomly oriented
preferred axis. This fact is normally used in order to simplify
the calculations by replacing the angle-dependent energy gap
with some effective isotropic value (see, e.g., [45, 46]).
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Making use of this trick we replace the angle-dependent
energy gap Δ2n ≡ Δ2𝑏2(n) in the Bogolons energy by its
average value ⟨Δ2𝑏2(n)⟩ = Δ2, in accordance with (7). Then
the functions I0 and 𝐴 can be moved out of the integrals
over the solid angle in (26) and (28). Using further the axial
symmetry of the order parameter, (22), and the fact that

⟨(b∗�푀b�푀 − 𝑏2)⟩ = 0, (32)

we get for the vector channel the equation

(Ω2 − ⟨𝑏2b∗�푀b�푀⟩)B�푀 +∑
�푀

⟨(b∗�푀b) (b�푀b)⟩B�푀
= Ω⟨b∗�푀b⟩ .

(33)

In the axial channel we obtain the equation

Ω2B�푀 −∑
�푀

⟨(b∗�푀b) (b�푀b)⟩B�푀
= −𝑖Ω⟨(b∗�푀 × b)⟩ .

(34)

The specific form of solutions to (33) and (34) depends on the
phase state of the condensate.

An inspection of (10) and (21) allows one to conclude that
for the ground state with𝑀�퐽 = 0,

b�푀=0 = b0. (35)

In this case we get ⟨b∗�푀b⟩ = 𝛿�푀,0, and the only nonvanishing
values of ⟨b∗�푀×b⟩ correspond to𝑀 = ±1. Simple calculations
give

B�푀 = 2Δ𝜔 𝛿�푀,0, (36)

B1 = √32 Δ𝜔𝜔2 − Δ2/5e∗,
B−1 = √32 Δ𝜔𝜔2 − Δ2/5e,

(37)

where

e = (1, 𝑖, 0) . (38)

Substituting the obtained expressions to (23)–(24) we get
the anomalous vertices which, together with the ordinary
vertices (18) and (19), can be used to calculate the weak polar-
ization tensor of the medium. We now turn to a calculation
of the corresponding correlation functions separately in the
vector and axial channel of weak interactions.

5. Correlation Functions of Weak Currents

5.1. Vector Channel. Following the graphs of Figure 1 the
vector-vector part of the polarization tensor, Π�푉�휇] =
𝛿�휇0𝛿]0Π�푉00, is given by analytic continuation of the following

Matsubara sums to the upper half-plane of the complex
variable 𝜔:

Π�푉00 (𝜔) = 𝑇∑
p,�휀𝑠

Tr (𝐺+𝐺 + 𝐹(1)+ 𝐹(2) + 𝐹(1)+ T̂
(1)𝐺

+ 𝐺+T̂(2)𝐹(2)) .
(39)

We use the notations 𝐺+ = 𝐺(𝜀�푠 + 𝜔�푛, p) and 𝐹(1)+ = 𝐹(1)(𝜀�푠 +𝜔�푛, p), where 𝜔�푛 = 2𝑖𝜋𝑇𝑛 with 𝑛 = 0, ±1, ±2, . . . being a
bosonic Matsubara frequency.

The two first terms in the right-hand side of (39) describe
the medium polarization without anomalous contributions.
The long-wave limit of this ordinary contribution in the
vector channel can be found in the form

(Π�푉00)ordin ≃ −4𝑝�퐹𝑚∗𝜋2 ⟨𝑏2 (n)I0 (n, 𝜔)⟩ . (40)

Evidently this expression does not satisfy the condition of
current conservation 𝜔Π�푉00 = 𝑘�푖Π�푉�푖0, which in the long-wave
limit k → 0 requires Π�푉00(𝜔 > 0) = 0.

The last two terms in (39), with the vertices indicated in
(23), represent the anomalous contributions. According to
(25) and (36) the anomalous vector vertices can be written
as

T̂
(1) = 2Δ𝜔 b�̂�𝑖�̂�2,

T̂
(2) = −2Δ𝜔 𝑖�̂�2�̂�b.

(41)

Straightforward calculations give in the long-wave limit

(Π�푉00)anom ≃ 4𝑝�퐹𝑚∗𝜋2 ⟨𝑏2 (n)I0 (n, 𝜔)⟩ . (42)

We finally find

Π�푉00 (𝜔, 0) = (Π�푉00)ordin + (Π�푉00)anom = 0, (43)

as is required by the current conservation condition. This
proves explicitly that the neutrino emissivity via the vector
channel, as initially obtained in [6], is a subject of inconsis-
tency.

5.2. Axial Channel. In the axial channel, the ordinary vertices
(19) and anomalous vertices (46) consist of only space
components, and thus Π�퐴�휇] ≃ 𝛿�휇�푖𝛿]�푗𝐶2�퐴Π�퐴�푖�푗 , where Π�퐴�푖�푗 is to be
found as the analytic continuation of the followingMatsubara
sums:

Π�퐴�푖�푗 (𝜔) = 𝑇∑
p,�휀𝑠

Tr (�̂��푖𝐺+�̂��푗𝐺 + �̂��푖𝐹(1)+ �̂�−�푗 𝐹(2))
+ 𝑇∑

p,�휀𝑠
Tr (�̂��푖𝐹(1)+ �̂�(1)�푗 𝐺 + �̂��푖𝐺+�̂�(2)�푗 𝐹(2)) . (44)

Here the first line represents the ordinary contribution
and the second line is the contribution of the anomalous
interactions. The ordinary contribution can be evaluated in
the form
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(Π�퐴�푖�푗)ordin
= −4𝑝�퐹𝑚∗𝜋2 ⟨(𝑏2 (n) 𝛿�푖�푗 − 𝑏�푖 (n) 𝑏�푗 (n))I0 (n, 𝜔)⟩ . (45)

In the case of𝑀�퐽 = 0, when b = b0, from (24), (37), and (38),
we get

T̂(1) = √32
⋅ 𝜔Δ
(𝜔 + 𝑖0)2 − Δ2/5 [e∗ (�̂�b1) 𝑖�̂�2 + e (�̂�b−1) 𝑖�̂�2] ,

T̂(2) = √32
⋅ 𝜔Δ
(𝜔 + 𝑖0)2 − Δ2/5 [𝑖�̂�2 (�̂�b1) e∗ + 𝑖�̂�2 (�̂�b−1) e] .

(46)

Poles of the vertex function correspond to collective eigen-
modes of the system (see, e.g., [34, 47, 48]). Thus, the pole at𝜔2 = Δ2/5 signals the existence of collective oscillations of the
total angular momentum. The pole location on the complex𝜔-plain is chosen so as to obtain a retarded vertex.

Principally, the decay of these collective oscillations
into neutrino pairs is also possible by giving the additive
contribution into neutrino energy losses via the axial channel
of weak interactions. Later we will return to this problem.
Here we concentrate on the PBF processes. In this case we
are interested in 𝜔 > 2Δ𝑏(𝜃) ≥ √2Δ, and a small termΔ2/5 ≪ 𝜔2 in the denominator of (46) can be discarded to
obtain simpler expressions

T̂(1) (n) = √32 Δ𝜔 [e∗ (�̂�b1) 𝑖�̂�2 + e (�̂�b−1) 𝑖�̂�2] ,
T̂(2) (n) = √32 Δ𝜔 [𝑖�̂�2 (�̂�b1) e∗ + 𝑖�̂�2 (�̂�b−1) e] .

(47)

Substituting expressions (47) in the second line of (44) we
obtain the anomalous part of the axial polarization tensor in
the long-wave limit:

(Π�퐴�푖�푗)anom
= 3𝑝�퐹𝑚∗𝜋2 ⟨(𝛿�푖�푗 − 𝛿�푖3𝛿�푗3) 𝑏2 (n)I0 (n, 𝜔)⟩ . (48)

Summing together the contributions, given in (45) and
(48), we obtain the complete response function in the axial
channel:

Π�퐴�푖�푗 (𝑀�퐽 = 0) = −4𝑝�퐹𝑚∗𝜋2 ⟨[𝑏2𝛿�푖�푗 − 𝑏�푖𝑏�푗]I0⟩
+ 3𝑝�퐹𝑚∗𝜋2 ⟨(𝛿�푖�푗 − 𝛿�푖3𝛿�푗3) 𝑏2I0⟩ .

(49)

The imaginary part of the function I0(n, 𝜔) arises from the
poles of the integrand in (30) at 𝜔 = ±2𝐸:

𝑏2 (n) ImI0 (n, 𝜔)
= Θ (𝜔 − 2Δ n) 𝜋Δ2n

2𝜔√𝜔2 − 4Δ2n tanh
𝜔4𝑇. (50)

Using (50) and (14), (43), and (49) we obtain the imagi-
nary part of theweak polarization tensor for the 3P2(𝑀�퐽 = 0)
superfluid neutron liquid:

ImΠ�휇] (𝜔 > 0) = −𝛿�휇�푖𝛿]�푗𝐶2�퐴𝑝�퐹𝑚∗ 2𝜋 1𝜔 tanh 𝜔4𝑇
× ∫ 𝑑n4𝜋 [𝛿�푖�푗 − 𝑏�푖𝑏�푗

𝑏2 − 34 (𝛿�푖�푗 − 𝛿�푖3𝛿�푗3)]

⋅ Δ2nΘ(𝜔 − 2Δ n)
√𝜔2 − 4Δ2n .

(51)

6. PBF Neutrino Energy Losses

Now we substitute the obtained weak polarization tensor to
(13) for the neutrino emissivity. Contraction of the tensor (51)
with (𝐾�휇𝐾] − 𝐾2𝑔�휇]) gives

ImΠ�휇] (𝜔) (𝐾�휇𝐾] − 𝐾2𝑔�휇])
= −𝐶2�퐴𝑝�퐹𝑚

∗

𝜋 1𝜔 tanh 𝜔4𝑇
× ∫ 𝑑n4𝜋 [2 (𝜔2 − 𝑘2‖) − 𝑘2⊥] Δ2nΘ(𝜔 − 2Δ n)

√𝜔2 − 4Δ2n ,
(52)

where we denote

𝑘2‖ = 1
𝑏2 (kb)

2 ,
𝑘2⊥ = 𝑘2 − 𝑘2‖ .

(53)

After some algebra we find the neutrino emissivity in the
following form:

𝑄 ≃ 215𝜋5𝐺2�퐹𝐶2�퐴N]𝑝�퐹𝑚∗𝑇7 ∫ 𝑑n4𝜋
Δ2n𝑇2

⋅ ∫∞
0

𝑑𝑥 𝑧4
(1 + exp 𝑧)2 ,

(54)

where Δ2n ≡ Δ2 𝑏2(n) = (1/2)Δ2(1 + 3cos2𝜃) and 𝑧 =
√𝑥2 + Δ2n/𝑇2.

It is necessary to notice that a definition of the gap
amplitude is ambiguous in the literature. For example, in the
case of𝑀�퐽 = 0, our gap amplitude is√2 times larger than the
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gap amplitude in [6] (denote it by Δ YKL), where it is defined
by the relation Δ2n = Δ2YKL(1 + 3cos2𝜃). However, the total
anisotropic gap Δ n entering the energy of the quasiparticles
is the same in both calculations, since Δ/√2 = Δ YKL.

Returning to the standard physical units we get the
following [27]:

𝑄 = 4𝐺2�퐹𝑝�퐹𝑚∗15𝜋5ℏ10𝑐6 (𝑘�퐵𝑇)7N]𝑅
= 1.170 × 1021𝑚∗𝑚 𝑝�퐹𝑚𝑐𝑇79N]𝑅 erg

cm3s
.

(55)

Remember that𝐺�퐹 is the Fermi coupling constant,𝐶�퐴 ≃ 1.26
is the axial-vector weak coupling constant of a neutron, and
N] = 3 is the number of neutrino flavors; 𝑝�퐹 is the Fermi
momentum of neutrons,𝑚∗ ≡ 𝑝�퐹/V�퐹 is the effective neutron
mass; 𝑚 is bare nucleon mass, 𝑇9 = 𝑇/(109K), 𝑘�퐵 is the
Boltzmann constant, and

𝑅 = 12𝐶2�퐴𝐹�푡. (56)

The function 𝐹�푡 is given by

𝐹�푡 = ∫ 𝑑n4𝜋𝑦2 ∫∞
0

𝑑𝑥 𝑧4
(1 + exp 𝑧)2 . (57)

Here the notation used is 𝑧 = √𝑥2 + 𝑦2 with 𝑦 = Δ n/𝑇. The
unit vector n = p/𝑝 defines the polar angles (𝜃, 𝜑) on the
Fermi surface.

It is necessary to stress that (54) as well as (55) involves
the anomalous contributions into both the channels of weak
interactions (vector and axial). A comparison of the formula
(56) with (26) of the work [6], where the PBF neutrino
losses were obtained ignoring the anomalous interactions,
allows one to see that the anomalous contributions not only
completely suppress the vector channel of weak interactions,
but also suppress four times the energy losses through the
axial channel. The resulting reduction of the emissivity of the
PBF processes in neutron matter is as follows [27]:

𝐶2�퐴2 (𝐶2�푉 + 2𝐶2�퐴) ≃ 0.19. (58)

In spite of the so strong reduction, the neutrino emissivity
caused by the PBF processes can be the most powerful
mechanism of the energy losses from the NS core below
the critical temperature 𝑇�푐. In Figure 3, the PBF neutrino
emissivity, as given in (54), is shown together with the
emissivities of modified Urca processes and bremsstrahlung
multiplied by the corresponding suppression factors resulting
from superfluidity, as obtained in [49].

The emissivity from the PBF dominates everywhere
below the critical temperature for the 3P2 superfluidity
except the narrow temperature domain near the critical point,
where the modified Urca processes are more operative.

PBF
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Figure 3: PBF neutrino emissivity versus temperature 𝑇 in com-
parison with the modified Urca and bremsstrahlung emissivities at𝑘�퐹 = 1.7.

7. Decay of the Eigenmodes of the Condensate

We now turn to an estimate of the neutrino energy losses due
to decay of thermally excited oscillations of the spin-triplet
condensate of neutrons. These eigenmodes represent collec-
tive oscillations of the direction of total angular momenta of
Cooper pairs which generate fluctuations of axial currents in
the superfluid system (spin density fluctuations). The energy
of the collective mode excitation 𝜔 = Δ/√5 is smaller than
the energy gap in the quasiparticle spectrum. In this case the
function I0(n, 𝜔), given in (30), is real, and the imaginary
part of the axial polarization tensor (44) arises from the pole
part of the functions T̂(1,2) at 𝜔2 − Δ2/5 = 0.

With the aid of Sokhotsky’s formula, (𝜒+𝑖0)−1 = P(1/𝜒)−𝑖𝜋𝛿(𝜒), from the second line of (44) we get

ImΠ�휇] (𝜔 > 0)
= −𝛿�휇�푖𝛿]�푗 (𝛿�푖�푗 − 𝛿�푖3𝛿�푗3)

× 32𝜋𝐶2�퐴𝑝�퐹𝑚∗ ⟨𝑏2I0⟩𝜔𝛿 (𝜔 − Δ/√5) .
(59)

The neutrino luminosity per unit volume is proportional
to the product of the total phase volume available to the
outgoing neutrinos and the total energy of the neutrino
pair. This explains the temperature dependence of the PBF
neutrino emissivity, as given in (54). The presence of the
delta-function 𝛿(𝜔 − Δ/√5) in (59) restricts the total energy
of the neutrino pair by the dispersion relation and thus
substantially reduces the total volume available to neutrino
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pairs in the phase space. Integration over the phase volume
will result in appearance of the factor (Δ/√5)7 instead of𝑇7. Just below the superfluid transition temperature, where
the main splash of the PBF neutrino emission occurs, the
collective mode energy 𝜔�푠 = Δ(𝑇)/√5 is small as compared
to the temperature. As a result the emissivity due to the
collective mode decays is many orders of magnitude slower
than the PBF emissivity.

One might expect the two emissivities to become com-
parable at sufficiently low temperature 𝑇 ≲ Δ(𝑇)/√5. It is
necessary to notice, however, that our estimate is valid only
when the anisotropic energy gap is replaced by its average
value in the anomalous vertices. Such an approximation is
good for the PBF processes but not for the eigen modes.
The exact account of the anisotropy dramatically reduces the
neutrino losses due to the collective mode decays [50].

8. Application to Cooling Modeling of
Neutron Stars

The strong suppression of the vector PBF channel is basically
incorporated in the cooling simulations codes (e.g., [18,
22, 28–30]). In the case of 1S0 pairing of neutrons the
suppression of the vector channel should be important in
the cooling interpretation of a NS crust as the cooling time-
scale of the crust is sensitive to the rates of neutrino emission.
Quenching of the neutrino emission, found in the case of 1S0
pairing, leads to higher temperatures that can be reached in
the crust of an accreting NS. This allows one to explain the
observed data of superbursts triggering [18, 19, 51, 52], which
was in dramatic discrepancy with the previous theory of the
crust cooling. However, the suppression of the neutron 1S0
PBF process does not lead to a distinguishable effect in the
long-term cooling (>1000 years) of the star [22].

The neutron pairing in the NS core is expected to occur
into the spin-triplet 3P2 state (a small 3F2 admixture caused
by tensor forces is normally neglected). Just a few years
ago, suppression of the PBF neutrino emission due to spin-
triplet neutron pairing in the NS core was included in the
neutron star cooling codes only by complete suppression of
the vector channel, while the emission in the axial-vector
channel remained unchanged [22, 31]. This corresponds to
the reduction factor of 0.76with respect to the PBF emissivity
previously obtained in [6], which led the authors to the
conclusion that, within the minimal cooling paradigm, the
closing of the vector channel of the PBF neutrino emission
does not significantly affect the long-term cooling of NSs.The
reason is that the long-term cooling is controlled by the axial
channel of the PBF emissivities.

The suppression factor for PBF neutrino radiation given
in (58) involves twophysical phenomena: (i) total suppression
of the vector channel and (ii) the fourfold suppression of the
axial channel caused by the anomalous weak interactions.
For the first time the suppression of the axial PBF channel
was implemented in a simulation of the Cas A NS cooling
in [32, 53]. It was found that the whole set of observations
is quite consistent with the theoretical suppression factor of0.19. This factor, presented in (58), is now commonly used

for suppression of the PBF reactions in spin-triplet superfluid
neutron matter of the NS cores (e.g., [29, 30, 54, 55]).

An exhaustive numerical analysis of the anomalous axial
PBF contribution to the temporal evolution of the NS cooling
is presented in [56]. The interested reader can get a clear idea
about importance of this contribution from Figures 2 and 3
of that work, where the authors present the NS cooling curves
for the cases with and without the anomalous contribution.

9. Conclusion

We have discussed the important role of anomalous weak
interactions in mechanisms of neutrino emission taking
place in fermionic superfluids typical for the NS cores. It
is established that due to the anomalous contributions the
PBF neutrino emissivity from the vector channel is almost
completely suppressed and can be ignored. This result is in
agreement with the conservation of vector current in weak
interactions. In the case of spin-singlet pairing the neutrino
emission through the axial-vector channel is also suppressed
because the total spin of the Cooper pair 𝑆 = 0 is conserved in
the nonrelativistic case. Thus the neutrino energy losses due
to singlet-state pairing of baryons can, in practice, be ignored
in simulations of NS cooling. This makes the PBF neutrino
losses from pairing of protons or hyperons unimportant.

The minimal cooling paradigm assumes that the direct
Urca processes and any exotic fast reactions are not operative
in the NC core. In this scenario, neutrino emission at the
long-term cooling epoch comes mainly from modified Urca
processes, nn-bremsstrahlung, and from the “PBF” processes,
which arise in the presence of spin-triplet superfluidity of
neutrons [22]. We have shown that the anomalous weak
interactions in the 3P2 superfluid suppress the PBF neutrino
emission, althoughnot so sharply as in spin-singlet superfluid
liquids. Namely, the vector channel of weak interactions
is again strongly suppressed and can be ignored while the
neutrino losses through the axial channel are suppressed only
partially. Despite the approximately fivefold total suppres-
sion, the PBF mechanism of the neutrino energy losses is
still operative. Inmany cases, especially for temperatures near
the critical superfluidity temperature of neutrons, the PBF
neutrino reactions can dominate and should be accurately
taken into account.
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In the present work we examine the possibility of detecting electrons in light dark matter searches. These detectors are considered
to be the most appropriate for detecting dark matter particles with a mass in the MeV region. We analyze theoretically some key
issues involved in such detection. More specifically we consider a particle model involving WIMPs interacting with fermions via𝑍-exchange.We find that forWIMPs withmass in the electronmass range the cross section forWIMP-atomic electron scattering is
affected by the electron binding. For WIMPs more than 20 times heavier than the electron, the binding affects the kinematics very
little. As a result, many electrons can be ejected with energy which increases linearly with the WIMP mass, but the cross section
is somewhat reduced depending on the bound state wave function employed. On the other hand for lighter WIMPs, the effect of
binding is dramatic. More specifically at most 10 electrons, namely, those with binding energy below 10 eV, become available even in
the case ofWIMPs with a mass as large as 20 times the electron mass. Even fewer electrons contribute if theWIMPs are lighter.The
cross section is, however, substantially enhanced by the Fermi function corrections, which become more important at low energies
of the outgoing electrons. Thus events of 0.5–2.5 per kg-y become possible.

1. Introduction

The combined MAXIMA-1 [1–3], BOOMERANG [4, 5]
DASI [6], and COBE/DMR Cosmic Microwave Background
(CMB) observations [7] imply that the universe is flat [8] and
that most of the matter in the universe is dark [9], that is,
exotic. These results have been confirmed and improved by
the recent WMAP [10] and Planck [11] data. Combining the
data of these quite precise measurements one finds

Ω𝑏 = 0.0456 ± 0.0015,
ΩCDM = 0.228 ± 0.013,
ΩΛ = 0.726 ± 0.015;

(1)

(the more recent Planck data yield a slightly different combi-
nation,ΩCDM = 0.274±0.020,ΩΛ = 0.686±0.020). It is worth
mentioning that both theWMAP and the Plank observations
yield essentially the same value of Ω𝑚ℎ2, but they differ in
the value of ℎ, namely, ℎ = 0.704 ± 0.013 (WMAP) andℎ = 0.673 ± 0.012 (Planck). Since any “invisible” nonexotic
component cannot possibly exceed 40% of the above ΩCDM
[12], exotic (nonbaryonic) matter is required and there is
room for cold dark matter candidates or WIMPs (Weakly
Interacting Massive Particles).

Even though there exists firm indirect evidence for a
halo of dark matter in galaxies from the observed rotational
curves, see, for example, the review [13], it is essential to
directly detect such matter in order to unravel the nature
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of the constituents of dark matter. The possibility of such
detection, however, depends on the nature of the dark matter
constituents and their interactions.

The WIMPs are expected to have a velocity distribution
with an average velocity which is close to the rotational
velocity 𝜐0 of the Sun around the galaxy; that is, they
are completely nonrelativistic. In fact a Maxwell-Boltzmann
leads to a maximum energy transfer which is close to the
average WIMP kinetic energy ≺ 𝑇 ≻≈ 0.4 × 10−6mc2. Thus
for GeV WIMPs this average is in the keV regime, not high
enough to excite the nucleus, but sufficient to measure the
nuclear recoil energy. For light dark matter particles in the
MeV region, which we will also call WIMPs, the average
energy that can be transferred is in the few eV regions.
So this light WIMPs can be detected by measuring the
electron recoil after the collision. Electrons may of course
be produced by heavy WIMPs after they collide with a
heavy target which results in a shakeup of the atom yielding
“primordial” electron production [14–16]. This approach for
sufficiently heavy WIMPs and target nuclei can produce
electrons energies even in the 30 keV region, with a spectrum
very different from that arising after a direct WIMP-electron
collision. Furthermore WIMP-electron collisions involving
WIMPs with masses in the few GeV region have also recently
appeared [17, 18]. In the present work, however, we will
restrict ourselves in the case of light WIMPs with a mass in
the region of the electron mass.

We will draw from the experience involving WIMPs
in the GeV region. The event rate for such a process can
be computed from the following ingredients [19]: (i) the
elementary WIMP-electron cross section. The total Higgs
decay width [20] Γ = 6.17.7−2.9MeV determined by the
LHC data imposes severe constraints on the WIMP-fermion
interactions mediated with Higgs exchange. Thus we will
consider the case of a WIMP which interacts with fermions
via 𝑍-exchange. In this case we will relate the needed
WIMP-electron cross to the isovector spin dependentWIMP-
nucleon cross and exploit the information available for the
latter. (ii) The knowledge of the WIMP particle density in
our vicinity: this is extracted from WIMP density in the
neighborhood of the solar system, obtained from the rotation
curves measurements. The number density of these MeV
WIMPs, however, is expected to be six orders of magnitude
bigger than that of the standard WIMPs due to the smaller
WIMP mass involved. (iii) The WIMP velocity distribution:
in the present work we will consider a Maxwell-Boltzmann
(MB) distribution.

In the electron recoil experiments, like the nuclear mea-
surements first proposed more than 30 years ago [21], one
has to face the problem that the process of interest does
not have a characteristic feature to distinguish it from the
background. So since low counting rates are expected the
background is a formidable problem. Some special features of
the WIMP interaction can be exploited to reduce the back-
ground problems, such as the modulation effect: this yields
a periodic signal due to the motion of the Earth around the
Sun. Unfortunately this effect, also proposed a long time ago
[22] and subsequently studied by many authors [19, 23–31],

is small in the case of nuclear recoils, but we expect it to be a
bit larger in the case of the electron recoils. There has always
been an interest in light WIMPs, see, for example, the recent
work [32]. In fact the first direct detection limits on sub-GeV
dark matter from XENON10 have recently been obtained
[33]. This is encouraging, but based on our experience with
standard nuclear recoil experiments to excited states [34],
one has to make sure that the proper kinematics has to be
used in dealing with bound electrons. Clearly the binding
electron energy plays a similar role as the excitation energy
of the nucleus, in determining the small fraction of the
WIMP’s energy to be transferred to the recoiling system. It is
therefore clear that lightWIMPs are quite different in energy,
mass, interacting particle, and flux. Accordingly one needs
detectors capable of detecting low energy light WIMPs in the
midst of formidable backgrounds, that is, detectors which are
completely different from currentWIMP detectors employed
for heavy WIMP searches.

2. The Particle Model

The narrow decay width of the Higgs boson obtained with
LHC data imposes severe constraints on the Higgs medi-
ated WIMP-SM fermion interaction. It may thus be more
favorable to look for 𝑍- boson mediated interactions, which
have so far been considered only in the hadron spin induced
dark matter searches. One finds that the SM coupling of the𝑍 to the electron takes the form 𝑒𝛾𝜆(1 − 2sin2𝜃𝑊 − 𝛾5)𝑒 ≈−𝑒𝛾𝜆𝛾5𝑒, where 𝜃𝑊 is the Weiberg angle. On the other hand
the corresponding isovector quark interaction, expected to
dominate in the scattering, takes the form −𝑞𝜏3𝛾𝜆𝛾5𝑞, which
leads to −𝑔𝐴𝑁𝜏3𝛾𝜆𝛾5𝑁 at the nucleon level. It is therefore
natural to relate, if possible, the elementary WIMP-electron
cross section to that of the spin induced isovector elementary
WIMP-nucleon interaction, since for the latter there exists
more theoretical and experimental information

Indeed if both the WIMP 𝜒 and the target with mass 𝑚
are nonrelativistic particles the cross section can be cast in
the form

𝑑𝜎 = 1𝜐M2 1
(2𝜋)2 𝑑3p𝜒𝑑3q𝛿 (p𝜒 − p𝜒 − q)

⋅ 𝛿( p2𝜒2𝑚𝜒 −
p2𝜒2𝑚𝜒 −

q22𝑚) .
(2)

Integrating over the momenta we find

𝑑𝜎 = 1𝜐M2 1
(2𝜋)2 2𝜋𝑞2𝑑𝑞𝑑𝜉𝛿(𝑞𝜐𝜉 −

𝑞22𝜇𝑟) , (3)

where
1𝜇𝑟 =

1𝑚𝜒 +
1𝑚, 𝜇𝑟 = 𝑚𝑒𝑚𝜒𝑚𝑒 + 𝑚𝜒 = reduced mass (4)

with 𝜉 = 𝑝𝜒 ⋅ 𝑞 ≥ 0. Thus

𝑑𝜎 = 1𝜐M2 12𝜋𝑑𝜉
(2𝜇𝑟𝜐𝜉)2𝜐𝜉 = 1𝜋M2𝜇2𝑟2𝜉𝑑𝜉. (5)
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To this end for the elementary isovector proton cross
section we write

𝜎1 = Λ(1 + 𝑚𝑝𝑚𝜒)
−2𝑚2𝑝, (6)

where Λ is a constant. Before proceeding further let us
examine available information on 𝜎1 [35], which is sum-
marized here: (a) supersymmetric models in which the LSP
(lightest supersymmetric particle) communicates with the
quarks via the exchange of the 𝑍-boson [36]. In this case
in the constrained minimal supersymmetric standard model
one finds sizable spin induced cross sections [37, 38], 𝜎𝑝 and𝜎𝑛 as large as 10−3 pb (the proton neutron representation
was chosen, since the experiments are analyzed this way). If,
however, the isoscalar contribution is negligible the proton
and the neutron amplitudes are opposite and 𝜎𝑛 ≈ 𝜎𝑝 ≈ 𝜎1.
(b) Kaluza-Klein theories in models with Universal Extra
Dimensions [39] in which the darkmatter is a heavy neutrino
communicating with matter via 𝑍-exchange. In such models
the couplings are of the order of the standardmodel couplings
and one finds 𝜎1 = (1/32𝜋)(𝐺𝐹𝑚𝑝)2 ≈ 5 × 10−4 pb. (c)
The WIMP is a spin 3/2 particle [40]. In this case only the
isovector contribution exists, leading to 𝜎1(𝑁) ≈ 1.7 ×10−38 cm−2 = 1.7 × 10−2 pb. (d) Experimental limits: there
exist some, namely, for 129Xe and 131Xe [41] and 19F [42–
46]. From the Xe data a limit is extracted on the elementary
neutron SD cross section of 𝜎𝑛 = 2 × 10−40 cm2 = 2 ×10−4pb and 𝜎𝑝 = 2 × 10−38 cm2 = 2.0 × 10−2 pb for the
proton SD cross section, while from the 19F target a slightly
smaller limit is extracted on the proton SD cross section,𝜎𝑝 = 1 × 10−38 cm2 = 1.0 × 10−2 pb. These limits were based
on nuclear physics considerations, namely, the nuclear spin
matrix elements in the proton neutron representation. This
explains the difference of the two limits extracted from the
Xe data. For illustration purposes we will adopt the value [35]𝜎1 ≈ 1.7 × 10−2 pb. With this value of 𝜎1 we find that the
parameter relevant for electron scattering is

𝜎0 = 𝜎1𝑚2𝑒𝑚2𝑝 ≈ 5.0 × 10
−9 pb. (7)

3. Experimental Aspects

Light WIMPs are quite different in energy, mass, interacting
particle, and flux. Accordingly one needs detectors which
are completely different from current WIMP detectors for
heavy WIMPs. Detectors are required to observe low energy
lightWIMP signals beyond/among BG signals to identify the
lightWIMPs. Experimental aspects to be considered for light
WIMP detectors are: (i) the particle to be detected, (ii) the
event rate, (iii) the signal pulse height, (iv) the background
rate, and (v) the detector threshold energy. We will now
examine each of these items.

(1) Particle to Be Detected. Light WIMPs are detected
by observing a recoil/scattered electron in the continuum
region. In case that the WIMP interaction produces an ion-
electron pair, one can detect the ion and/or the electron,

and/or photons associated with the ion-electron pair. If the
recoil electron or the ion-electron pair energy is absorbed
by the detector, one may measure the temperature change.
These are similar to those from heavy WIMPs except that
their energies are very different. It is noted that atomic bound
electrons are not excited by the light WIMPs with 𝐸 ≤ a few
eV.

(2) Event Rate. The cross section of 𝜎0 ≈ 5.0 × 10−9 pb is
an order of magnitude larger than the present XENON limit
of 𝜎0 ≈ 10−9 pb for heavy WIMPs [47]. The flux rate is
around 𝑛 ≈ 0.8 × 1010 cm−2s−1, which is larger by a factor
of 50GeV/0.5MeV ≈ 105. Then the event rate for Xe detector
is around 𝑅 ≈ 1.1 × 103/(t⋅y), which is also a bit larger than
the present limit for 50GeV heavy WIMPs [47].

(3) Signal Pulse Height. The electron signal energy for light
WIMPs is around 0.5–1 eV. This energy is 4 orders of mag-
nitude smaller than the Xe nuclear recoil energy of around
25 keV for the 50GeV WIMP. The nuclear recoil signal is
quenched by a factor 2–20, depending on the atomic number,
in most heavyWIMP detectors.Thus the actual signal height
for the lightWIMP is 3 orders of magnitude smaller than that
for the heavy WIMP.

(4) Background Rate. There are three types of background
origins for WIMP detectors, radioactive (RI) impurities,
neutrons associated with cosmic rays, and electric noises. 𝛽-𝛾
rays from RI impurities produce BG electron signals, which
are similar to electron signals from light WIMPs as well as
those encountered in the case of double 𝛽 decay detectors,
which measure 𝛽 rays. BG rate for a typical future DBD
(double 𝛽 decay) detectors is around 1/(t y keV) = 10−3/(t
y eV) at a few MeV regions [48]. Then one may expect a
similar BG rate in the eV region.This is 3 orders ofmagnitude
smaller than the signal rate. Neutrons do not contribute to
BGs in light WIMP detectors, although nuclear recoils from
neutron nuclear reactions are most serious BGs for heavy
WIMP detectors. Electric noises are most serious for light
WIMP detectors because of the very low energy signals. The
nuclear recoil energy from heavy WIMPs is typically a few
10 keV, and the signal pulse height is around a few keV if
they are quenched, depending on the detector. This is of
the same order of magnitude as electric noise levels. Thus
one can search for heavy WIMPs by measuring the higher
velocity component above the electric noises On the other
hand, the signal height for light WIMP is far below that of
typical electric noises for current heavy WIMP detector.

(5) Energy Threshold. The energy threshold 𝐸th for WIMP
detectors is set necessarily below the WIMP signal, but
just above the electric noise to be free from the noise.
Then a very low energy threshold of an order of sub eV
is required for light WIMP searches. This is 3-4 orders of
magnitude smaller than the level around 1–3 keV for most
heavy WIMP detectors [47, 49]. Germanium semiconductor
detectors are widely used to study low energy neutrinos and
WIMPs. The ionization energy is 0.67 eV.Thus it can be used
in principle for energetic light WIMPs. In practice, their
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Figure 1: (a) The fraction of the energy of the WIMP that can be transferred to the electron as a function of 𝑥 = 𝑚𝜒/𝑚𝑒. (b) The electron
recoil energy 𝑇 as a function of 𝑥 = 𝑚𝜒/𝑚𝑒. As 𝑥 increases it tends to 4.3 eV for 𝑦esc = 2.84.

threshold of around 200 eV [50] or more is still far above
the light WIMP signals. Bolometers are, in principle, low
energy threshold and high energy resolution detectors, but
the energy threshold of practical 10 kg-scale bolometers is
orders of magnitude higher than the lightWIMP signal.Thus
lightWIMP detectors are necessarily different types from the
present heavy WIMP detectors.

It is indeed a challenge to develop light WIMP detectors
with low-threshold energy of the order of eV. Since the event
rate is as large as 2 103/t y, one can use a small volume detector
of the order of 10 kgr at low temperature. In general, electric
noises are random in time. Then, coincidence measurements
of two signals are quite effective in reducing electric noise sig-
nals in case that one light WIMP produces 2 or more signals.
One possible detector would be an ionization- scintillation
detector, where one light WIMP interaction produces one
ionized ion and one electron. In case that the ionized ion
traps an electron nearby and emits a scintillation photon, one
may measure the primary electron in coincidence with the
scintillation photon. Nuclear emulsion may be of potential
interest for low energy electrons. We briefly discuss possible
new detection methods in Section 7.

4. The Differential WIMP-Electron Rate

The evaluation of the rate proceeds as in the case of the
standard WIMP-nucleon scattering, but we will give the
essential ingredients here to establish notation.We will begin
by examining the case of a free electron.

4.1. Free Electrons. The differential cross section for WIMP-
electron scattering in an atom can be cast in a form containing
the electron recoil energy:

𝑇 = 𝑞22𝑚𝑒 =
(2𝜇𝑟𝜐𝜉)
2𝑚𝑒 . (8)

Thus the differential cross section takes the form

𝑑𝜎𝑑𝑇 = 𝜎𝑒 12𝜐2 𝑚𝑒𝜇2𝑟 , (9)

or

𝑑𝜎𝑑𝑇 = 12𝜐2 𝜎0 1𝑚𝑒 ,
𝜎0 = 𝜎1𝑚2𝑒𝑚2𝑝 .

(10)

We find from (8) that the average energy of the electron
is given by

⟨𝑇⟩ = 2
3 (1 + 𝑥)2 ⟨𝛽2⟩𝑚𝑒𝑐2,

⟨𝛽2⟩ =≺ (𝜐𝑐 )
2 ≻= 0.8 × 10−6.

(11)

From (8) we also find that the fraction of the energy of the
WIMP transferred to the electron, when taking ⟨𝜉2⟩ = 1/3
for scattering at forward angles, is

𝑇𝑇𝜒 =
43 𝑥
(1 + 𝑥)2 , 𝑥 = 𝑚𝑒𝑚𝜒 ,

𝑇max = 2𝜇2𝑟𝜐2esc𝑚𝑒 .
(12)

This situation is exhibited in Figure 1. We thus see that this
fraction attains a maximum when 𝑥 = 1, that is, when
the two masses are equal. Away from this value it becomes
smaller. The effect is more crucial for very light WIMPs,
since their average energy is much smaller. Thus for MeV
WIMPs the average energy transfer is in the eV region, which
is reminiscent of the standardWIMPs where GeVmass leads
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to an energy transfer in the keV region.Themaximum energy
transfer corresponds to the escape velocity which is 𝜐esc ≈2√⟨𝜐2⟩, which leads to a value four times higher. The exact
expression of the maximum electron energy will be given
below.

From (8) we find that

𝜐 = √ 𝑚𝑒𝑇2𝜇2𝑟𝜉2 →

𝜐 ≥ √𝑚𝑒𝑇2𝜇2𝑟 →

𝜐min = √𝑚𝑒𝑇2𝜇2𝑟 .

(13)

In other words the minimum velocity consistent with the
energy transfer 𝑇 and the WIMP mass is constrained as
above. The maximum velocity allowed is determined by the
velocity distribution and it will be indicated by 𝜐esc. From
this we can obtain the differential rate per electron in a given
velocity volume 𝜐2𝑑𝜐𝑑Ω as follows:

𝑑𝑅 = 𝜌𝜒𝑚𝜒 𝜐𝜎0
12 1𝑚𝑒 𝑑𝑇𝑓 (𝜐) 𝑑𝜐𝑑Ω, (14)

where 𝑓(𝜐) is the velocity distribution of WIMPs in the
laboratory frame. Integrating over the allowed velocity dis-
tributions we obtain

𝑑𝑅 = 𝜌𝜒𝑚𝜒 𝜎0
12 1𝑚𝑒 𝑑𝑇𝜂 (𝜐min) ,

𝜂 (𝜐min) = ∫𝜐esc𝜐min

𝑓 (𝜐) 𝜐𝑑𝜐𝑑Ω.
(15)

𝜂(𝜐min) is a crucial parameter. Before proceeding further we
find it convenient to express the velocities in units of the Sun’s
velocity. We should also take note of the fact the velocity
distribution is given with respect to the center of the galaxy.
For a M-B distribution this takes the form

1𝜋√𝜋𝑒−𝑦
2 , 𝑦 = 𝜐𝜐0 , 𝜐0 = 220 km/s. (16)

We must transform it to the local coordinate system:

y → y + 𝜐𝑠 + 𝛿 (sin𝛼𝑥 − cos𝛼 cos 𝛾𝑦 + cos𝛼 sin 𝛾𝜐𝑠) , 𝛿 = 𝜐𝐸𝜐0 (17)

with 𝛾 ≈ 𝜋/6, 𝜐𝑠 a unit vector in the Sun’s direction of
motion, 𝑥 a unit vector radially out of the galaxy in our
position, and 𝑦 = 𝜐𝑠 × 𝑥. The last term in parenthesis in
(17) corresponds to the motion of the Earth around the Sun
with 𝜐𝐸 ≈ 28 km/s being the modulus of the Earth’s velocity
around the Sun and 𝛼 the phase of the Earth (𝛼 = 0 around
June 3rd). The above formula assumes that the motion of
both the Sun around the Galaxy and of the Earth around the
Sun are uniformly circular. Since 𝛿 is small, we expand the
distribution in powers of 𝛿 and we keep terms up to linearity
in 𝛿. Then (15) can be cast in the form

𝑑𝑅 = ( 𝜌𝜒𝑚𝜒 𝜐0)𝜎0
𝑚𝑡𝑍eff𝐴𝑚𝑝 1.9

× 106 12 1𝑚𝑒 𝑑𝑇 (Ψ0 (𝑦min) + Ψ1 (𝑦min) cos𝛼) ,
(18)

where, in the above equation, the first term in parenthesis
represents the average flux of WIMPs, the second provides
the scale of the elementary cross section (in the presentmodel
the elementary cross section contains an additional mass
dependence), the third term gives the number of electrons
available for the scattering in a target of mass 𝑚𝑡 containing
atoms with mass number 𝐴 and active electrons 𝑍eff , and
the fourth is essentially the inverse of the square of the Sun’s

velocity in units of 𝑐 (its origin has its root in (10)). Moreover,Ψ0(𝑦min) andΨ1(𝑦min) are functionals of 𝑦min and 𝑦esc, where
𝑦min = 𝜐min𝜐0 = 1𝜐0√

𝑚𝑒𝑇2𝜇2𝑟 ,
𝑦esc = 𝜐esc𝜐0 .

(19)

In the above expression the Heaviside function𝐻 guarantees
that the required kinematical condition is satisfied. One can
factor the constants out in the above equation to get

𝑑𝑅𝑑 (𝑇/1 eV)
= Λ(Σ0 (𝑚𝜒𝑚𝑒 ,

𝑇1 eV) + Σ1 (
𝑚𝜒𝑚𝑒 ,

𝑇1 eV) cos𝛼) ,
(20)

where

Σ𝑖 (𝑡, 𝑠) = 1𝑡 Ψ𝑖 (1.23 (1 + 1𝑡 )√𝑠) , 𝑖 = 0, 1,
Λ = 1.4 𝜌𝜒𝑚𝑒 𝜐0𝜎0

𝑚𝑡𝑍eff𝐴𝑚𝑝 .
(21)

The meaning of 𝑍eff will become clear after we consider the
fact that the electrons are not free but bound in the atom.Thus
they are not all available for scattering; that is, 𝑍eff < 𝑍. We
will now estimate Λ considering the following input: (a) the
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Figure 2: The shape of the differential cross section as a func-
tion of the electron energy 𝑇 in eV for the WIMP masses(1, 2, 5, 10, 50, 100)𝑚𝑒. The electrons are assumed to be free. The
WIMPmasses specifying the curves are increasing downwards.The
spectrum does not exhibit any special structure.

elementary cross section 𝜎0 = 5.0×10−9 pb = 5.0×10−45 cm2;
(b) the total cross section, in units of 𝜎0, for example, 𝜎av =
0.2 for a WIMP mass about the electron mass (see below);
(c) the particle density of WIMPs in our vicinity: 𝑛 = 0.3 ×103 (MeV/cm3)/0.511MeV ≈ 600 cm−3 (we use the electron
mass in this estimate; the correct mass dependence has been
included in evaluating 𝜎av); this value leads to a flux: 𝑛 ×220 km/s = 1.3×1010 cm−2s−1; (d)Thenumber of electrons in
aKg ofXe: (1/(131×1.67×10−27)) 𝑍eff = 4.6×1024𝑍eff . Taking𝑍eff = 54, that is, all electrons in Xe participating, we expect
about ≈0.3 events per kg⋅y. Encouraged by this estimate, even
though it has been obtained with a much smaller elementary
cross section than previous estimates [32], we are going to
proceed in evaluating the expected spectrum of the recoiling
electrons.

The shape of the differential cross section Σ0(𝑡, 𝑠) as a
function of the electron energy 𝑇 in eV for various WIMP
masses is exhibited in Figure 2. The electrons are assumed to
be free. Obviously, this does not exhibit any special structure.

The various atomic physics approximations previously
considered involve relatively high electron energies, as, for
example, in the recent works [17, 18], which are not important
in our case. The obtained rate, however, can be modified
substantially at low energies by including the correction of
the outgoing electron wave due to the Coulomb field. In beta
decay this is done via the simple Fermi function [51]:

𝐹 (𝑘, 𝑍, 𝜂, 𝛾)
= (𝑘𝑅)2𝛾−2 𝑒𝜋] 

Γ (𝛾 + 𝑖𝜂)
Γ (2𝛾)


2 𝑀 (𝛾 + 𝑖𝜂, 2𝛾, 2𝑖𝑘𝑟)2 ,

(22)

where

𝛾 = √1 − 𝛼2𝑍2,
𝜂 = 𝑍𝛼 𝑇 + 𝑚𝑒𝑐2

√𝑇2 + 2𝑚𝑒𝑐2𝑇
(23)

and𝑀(𝛾 + 𝑖𝜂, 2𝛾, 2𝑖𝑘𝑟) is the Coulomb function represented
by a confluent hypergeometric function.

After some approximations (see, e.g., Landau’s book [52])
one finds the Fermi function

𝐹 (𝑇, 𝑍, 𝑛, 𝜂, 𝛾)
≈ (√𝑇2 + 2𝑚𝑒𝑇 𝑟 (𝑛, 𝑍, 𝛾))2𝛾−2 𝑓2𝑐 (𝛾, 𝑛) 2𝜋𝜂1 − 𝑒−2𝜋𝜂 .

(24)

This function, which depends on the electron energy as well
as the atomic parameters 𝑛 and 𝑍, may lead to an enhance-
ment for low energy electrons. Integrating the differential rate
given by (20) over the electron spectrum we obtain the total
rate:

𝑅 = Λ (𝜎av + 𝜎td cos𝛼) , (25)

where 𝜎av and 𝜎td cos𝛼 are the average and time dependent
(modulated) cross sections, respectively, in units of 𝜎0, that
is, of the elementary cross section. The obtained quantity 𝜎av
is shown in Figure 3 for free electrons both without the Fermi
function as well as with the Fermi function for two values 𝑛
and 𝑍, 𝑛 assumed to be sort of average. We see that the effect
on the total cross section is large. Thus we find that the cross
sections (in units of 𝜎0), for a WIMP with the mass of the
electronwe get values 0.2, 0.8, and 2.2 for cases (a), (b), and (c)
respectively (see Figure 3), while for 𝑛 = 2 and𝑍 = 50we find
0.3. In our estimates we will adopt an average enhancement
factor of 8 due to the Fermi function taking into account the
Fermi function the above estimate becomes 2.5 events/(kg⋅y).
5. Effects of Binding of Electrons

Thebinding of the electrons comes in twoways.Thefirst is the
most obvious. A portion of the energy of the WIMP will not
go to recoil, but it will be spent to release the bound electron.
The second comes from the fact that the initial electron is
not at rest but it has a momentum distribution, which is the
Fourier transform of its wave function in coordinate space.

Since the propagator involves the𝑍- exchangewith a large
mass, the momentum transfer can be neglected. So the cross
section for WIMP-electron scattering is proportional to

𝐽 = 1
(2𝜋)2 ∫𝑑3p

𝜙𝑛ℓ (p)2 𝑑3q𝑑3p𝜒𝛿 (p + p𝜒 − p𝜒 − q) 𝛿( p2𝜒2𝑚𝜒 −
p2𝜒2𝑚𝜒 −

q22𝑚2𝑒 − 𝑏) , (26)

where 𝜙𝑛ℓ(p) is the electron wf in momentum space. A plane
wave outgoing electron has been assumed. Deviations from

plane wave will be accounted for in the usual way, that is, by
the Fermi function as described in the previous section. After
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Figure 3:The total averageWIMP-electron cross section in units 𝜎0 as a function of theWIMPmass in units of the electronmass. In panel (a)
the Fermi function was neglected, while in panels (b) and (c) the Fermi function 𝐹 for 𝑛 = 3 and 𝑍 = 50 and 𝑛 = 4 and 𝑍 = 60, respectively,
has been employed.

the integration over the momentum p via the 𝛿 function we
obtain

𝐽 = 1
(2𝜋)2 ∫

𝜙𝑛ℓ (p𝜒 − p𝜒 + q)2 𝑑3p𝜒𝑑3q𝛿( p2𝜒2𝑚𝜒 −
p2𝜒2𝑚𝜒 −

q22𝑚2𝑒 − 𝑏) . (27)

The integration over the magnitude of p𝜒 can be done using
the energy conserving 𝛿 function and we obtain

𝐽 = 1
(2𝜋)2 ∫𝑑3q𝑄2𝑑ΩQ

𝜙𝑛ℓ (Q − p𝜒 + q)2 𝑚𝜒𝑄 ,

Q = 𝑒√(𝑚𝜒𝜐)2 − 𝑞2𝑥 − 2𝑚𝜒𝑏
(28)

with 𝑥 = 𝑚𝜒/𝑚𝑒 and 𝑒 a unit vector in the direction of p𝜒. We
thus find the important constraint

𝜐 > 𝜐min, 𝜐min = √ 2𝑚𝜒 (𝑇 + 𝑏). (29)

This already sets a limit on the range of the variables 𝑏 and 𝑇
of interest to experiments.
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Figure 5: The minimum𝑚𝜒/𝑚𝑒 required to eject an electron with binding energy 𝑏 in eV (a). The maximum outgoing electron energy 𝑇max
as a function of 𝑥 = 𝑚𝜒/𝑚𝑒 for various binding energies 𝑏 (b). In this panel the graphs correspond to 𝑏 = 1, 2, 5, 10, 15, and 20 eV from left to
right. For convenience we also show again the curve which corresponds to a free electron (long dashed). It yields the samemaximum electron
energy for 𝑏 = 20 eV and 𝑥 = 22.

5.1. The Allowed Range of Binding Energy (𝑏) and Recoil
Energy (𝑇). The range of these quantities is not affected by
the specific form of the bound electron wave function. In
particular regarding 𝑏 the above conditions imply

(𝑇)max = 12𝑚𝜒𝜐2esc − 𝑏,
𝑏max = 12𝑚𝜒𝜐2esc,

(30)

where 𝑏max is associated with zero maximum recoil energy
and is exhibited as a function of WIMP mass in Figure 4.
What seriously affects the detection of light WIMPs in the
presence of large binding energies is the minimum WIMP
velocity required to eject an electron. One finds that in order
to surpass the barrier of a given binding energy 𝑏 the WIMP
must have a minimum velocity at most 𝜐esc and a high mass,
even if the electron energy is zero.Theminimum 𝑥 = 𝑚𝜒/𝑚𝑒
required for this purpose is exhibited in Figure 5(a). The

actual value of 𝑥 = 𝑚𝜒/𝑚𝑒 must, of course, be larger to get
a reasonable rate.

Finally we present in Figure 5(b) the maximum possible
energy for outgoing electrons as a function of the WIMP
mass for various binding energies. We see that the maximum
energy of the electron increases due to the binding provided
that the binding energy is small. Thus the threshold energy
needs not be extremely low, provided that for 𝑥 ≤ 20
there exist enough electrons in the atom with low enough
binding energies. For heavier WIMPs the binding energy of
the electron plays a minor role and the electron recoil energy
increases linearly with the WIMP mass.

5.2. The Effect of the Bound Electron Wave Function. To
proceed further we must evaluate the integral in (28). Firstly,
we must select a suitable coordinate system, for example,
one with the 𝑧-axis along the initial WIMP velocity, the𝑥-axis in the direction of the outgoing WIMP, and 𝑦-axis
perpendicular to the plane of the other two. Actually, there
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is no hope for obtaining an analytic expression even for the
angular integrals without further approximations. So we will
assume hydrogenic wave functions. This approximation is
expected to be reasonable for electrons which are not tightly
bound, which are of interest to us in the present work. We
concentrate on the case of 𝑠 states and find that the cross
section is given by

𝑑𝜎 = 1𝜐 |M|2 𝑑𝐽, (31)

where 𝑑𝐽 is a complicated functional given by

𝑑𝐽 = 𝑞𝑝0 (𝑛, 𝑍)𝑞𝑑𝑞𝜓2 (𝑞, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍)) ,
𝜓2 (𝑞, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍)) = ∫1−1 𝑑𝜉𝜓1 (𝜉, 𝑞, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍)) ,

(32)

where
𝜓1 (𝜉, 𝑞, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍))
= 𝑚𝜒
(𝑞𝜉 − 𝑚𝜒𝜐) ∫

𝜂−

𝜂+
𝑧 𝑑𝑧 𝜙𝑛ℓ (𝑧)2 (33)

and 𝑝0(𝑛, 𝑍) = (𝛼𝑍/𝑛)𝑚𝑒, the scale of momentum of the
bound electron wave function.M is the invariant amplitude
for the process which has the form

|M|2 = 𝜎𝑒 𝜋𝜇2𝑟 = 𝜎0
𝜋𝑚2𝑒 . (34)

Now, since

𝑑𝜎 = 𝜎0 1𝜐 𝜋𝑚2𝑒 𝑑𝐽 (35)

one can cast (35) in a form similar to the expression for free
electrons, namely,

𝑑𝜎 = 𝜎0 12𝜐2 1𝑚𝑒 𝑑𝑇 (36)

or

𝑑𝜎 = 𝜎0 1𝜐2 1𝑚𝑒 𝑑𝑇Λ̃ (𝑇, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍)) , (37)

where

Λ̃ (𝑇, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍))
= 2𝜋𝜐 √2𝑚𝑒𝑇𝑝0 (𝑛, 𝑍)𝜓2 (√2𝑚𝑒𝑇, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍)) .

(38)

In order to get the differential rate onemust fold the above
expression with the velocity distribution 𝑓(𝜐) in a similar
fashion as in (15), that is,

𝑑𝑅𝑑𝑇 = 𝜌𝜒𝑚𝜒
12𝜎0 1𝑚𝑒 [∫

𝜐esc

√2(𝑏+𝑇)/𝑚𝜒
Λ̃ (𝑇, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍))

⋅ 𝑓 (𝜐) 𝜐𝑑𝜐𝑑�̂�] .
(39)

Note the appearance of the quantities 𝑏 and Λ̃ as a result of the
electron binding.The behavior of the function Λ̃ as a function
of the velocity and its numerical value significantly affects the
obtained rates. In order to obtain Λ̃ exactly onemust evaluate
the remaining integrals numerically for each electron orbit
separately. After that, in order to obtain the total rate, one
must sum up over all available electrons involved in any
orbit of a given atom, which is not trivial. This is currently
under study, but here we will report results obtained in an
approximate scheme valid for relatively low mass WIMPs,
which is adequate for our purposes.

5.3. A Convenient Approximation for Light WIMPs. We have
seen that the momentum of the outgoing electron is small
compared to 𝑝0(𝑛, 𝑍). Let us assume that

𝑄𝑚𝜒𝜐𝑝20 (𝑛, 𝑍) < 1. (40)

This means that

𝑥2𝜐√𝜐 − 𝜐1 ≤ 𝛼2, 𝜐1 = √2 (𝑏 + 𝑇)𝑥𝑚𝑒 ≤ 𝜐esc. (41)

This quantity is small as long as

𝑥 < (𝛼𝑍)𝜐esc = 1.2𝑍 ≈ 50 for a large atom. (42)

For such values of 𝑥 we can expand the integral∫𝜂−𝜂+ 𝑧 𝑑𝑧|𝜙𝑛ℓ(𝑧)|2 up to second order in the small parameter.
The result, for example, for 1 s hydrogenic wave functions, is

𝐽1 = 16𝑄 (𝑚𝜒𝜐 − 𝑞𝜉)𝜋2𝑝20 (𝑛, 𝑍) . (43)

Integrating over the angles of the outgoing electron we obtain

𝑑𝐽 = 𝑞2𝑑𝑞64𝑄2𝑚𝜒𝑚𝜒𝜐𝜋𝑝50 (𝑛, 𝑍) . (44)

Proceeding as above we obtain

Λ̃ = Λ̃ 0 (𝑍)√ 2𝑇𝑚𝑒
𝑥4

(𝛼𝑍)5 𝜐2 (𝜐2 − 𝜐21) (45)

or

Λ̃ = Λ̃ 0 (𝑍) 𝑥4√𝑇𝑦2 (𝑦2 − 6.59 (𝑏 + 𝑇)𝑥 ) ,
Λ̃ 0 (1) = 3.5 × 10−3,

(46)

where 𝑏 and 𝑇 are in eV and 𝑦 is the WIMP velocity in
units of the Sun’s velocity. A similar expression with a slightly
different constant Λ̃ 0(𝑍) is expected to hold for other electron
orbitals. This function must be multiplied with the velocity
distribution before proceeding with the needed integrations
to obtain the rate.
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Figure 6: The electron spectrum for bound electrons corresponding to 𝑥 = 1. Only electrons with 𝑏 < 1 eV can be ejected.
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Figure 7: The same as in Figure 6, but for 𝑥 = 10 in panel (a) and 𝑥 = 20 in panel (b). In both cases only electrons with 𝑏 < 3 eV can be
ejected. Notice, however, that the spectrum is suppressed for 𝑏 = 2 (dashed line) compared to the corresponding one for 𝑏 = 1 (solid line).

6. Some Results for Bound Electrons

We will limit ourselves to 𝑏 ≥ 1 eV and 𝑥 ≤ 100
After integrating with the velocity distribution we obtain the
electron spectra shown in Figures 6–8. After integrating over
the energy spectrum we obtain the cross section 𝜎av in units
of 𝜎0 shown in Figure 9 as a function of the WIMP mass for
various binding energies. It is perhaps better to show 𝜎av as
a function of the binding energy. For 𝑥 = 10 only 𝑏 ≤ 1 are
available. For 𝑏 = 1 we find 𝜎av = 0.1 in units of 𝜎0. For larger𝑥, 𝜎av is exhibited in Figure 10.

We thus see that using hydrogenic wave functions we
find that, for 𝑚𝜒, greater 10𝑚𝑒, electrons with 𝑏 < 15 eV
become available. The number of electrons with relatively
small binding energy for some targets of interest is shown
in Table 1. Anyway there seems to be a wide range of the
parameters which leads to 𝑍eff = 5 for a suitable atom with
large 𝑍. Thus for 𝑍eff = 5 one can conservatively set 𝜎av to
be ≈0.15, which leads to about 0.6 event per kg-y compared

to the 2.0 per kg-y we got above for lighter WIMPs without
the electron binding.The Fermi function is incorporated into
the results.

7. Discussion

We have seen that the use of electron detectors may be a
good way for directly detecting light WIMPs in the MeV
region. The electron density in our vicinity is very high, the
elementary WIMP-electron cross section may be quite large,
and the event rate may be further enhanced by the behavior
of the Fermi function at low energies. This is fine for WIMPs
heavier than 20 times the electron mass. For WIMPs less
than about 20 times the mass of the electron, however, there
appears to be a problem arising from the electron binding.
A small fraction of electrons can be exploited, namely, those
electrons with binding energies below the 10 eV range. This
is reminiscent of the difficulty encountered in the inelastic
WIMP nucleus scattering, whereby only very low excited
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Figure 8: The same as in Figure 7, but for 𝑥 = 50 in panel (a) and 𝑥 = 100 in panel (b). In panel (a) the spectrum is shown for 𝑏 = 1, 2 and
4 eV. In panel (b) the spectra for 𝑏 = 1, 2, 4 and 8 eV are shown with 𝑏 increasing downwards.

Table 1: The number of electrons with binding energies less than 𝑏upb for a given set of targets.

Target 𝑏upb = 5 eV 𝑏upb = 10 eV 𝑏upb = 15 eV 𝑏upb = 20 eV 𝑏upb = 30 eV
9F - - - 5 5
11Na 1 1 1 1 1
32Ge 4 4 4 4 14
52Te 4 4 6 6 6
53I 5 5 7 7 7
54Xe - - 6 6 8
83Bi 3 5 5 5 15
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Figure 9: The cross section 𝜎av in units of 𝜎0 as a function of𝑥 = 𝑚𝜒/𝑚𝑒 for binding energies 𝑏 = 1, 2, 4, and 8 eV increasing
downwards (the curve for 𝑏 = 10 is not visible).

states can be reached.We have seen, however, that, due to the
behavior of the Fermi function in the case of very low energy

electron recoils, the rates may increase up to factors of 8. So
event rates of about 0.8 to 2.4 events per kg-y are possible.

It has recently been suggested that it is possible to detect
even very light WIMPs, much lighter than the electron,
utilizing Fermi-degenerate materials like superconductors
[53]. In this case the energy required is essentially the gap
energy of about 1.5𝑘𝑇𝑐, which is in themeV region; that is, the
electrons are essentially free. The authors are perhaps aware
of the fact that the average energy for very light WIMPs is
small and not all of it can be transferred to their system (the
maximum fraction occurs if the mass of the WIMP is equal
to 𝑚𝑒, i.e., for 𝑥 = 1 in Figure 1). With their detector these
authors probably have a way to circumvent the fact that a
small amount of energy will be deposited, if they manage to
accumulate a large number of loosely bound electrons in their
targets so that the obtained rates are sufficient. More recently
it is claimed that even smaller energies inmeVcan be detected
in the case of Liquid Helium [54]. The expected event rates
and the total energy deposited in such essentially bolometer
type detectors are currently being estimated more precisely
and they will appear elsewhere.

It thus appears that light WIMPs in the MeV region can,
in principle, be detected.Thedetection techniques and targets
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employed, however, may have to be different than the ones
employed in standard WIMP searches.
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Sterile neutrinos are possible dark matter candidates. We examine here possible detection mechanisms, assuming that the neutrino
has amass of about 50 keV and couples to the ordinary neutrino. Even though this neutrino is quite heavy, it is nonrelativistic with a
maximum kinetic energy of 0.1 eV.Thus new experimental techniques are required for its detection.We estimate the expected event
rate in the following cases: (i) measuring electron recoil in the case of materials with very low electron binding; (ii) low temperature
crystal bolometers; (iii) spin induced atomic excitations at very low temperatures, leading to a characteristic photon spectrum;
(iv) observation of resonances in antineutrino absorption by a nucleus undergoing electron capture; (v) neutrino induced electron
events beyond the end point energy of beta decaying systems, for example, in the tritium decay studied by KATRIN.

1. Introduction

There exists evidence for existence of dark matter in almost
all scales, from the dwarf galaxies, galaxies, and cluster of
galaxies, with the most important ones being the observed
rotational curves in the galactic halos; see, for example,
the review [1]. Furthermore cosmological observations have
provided plenty of additional evidence, especially the recent
WMAP [2] and Planck [3] data.

In spite of this plethora of evidence, it is clearly essential
to directly detect such matter in the laboratory in order to
unravel its nature. At present there exist many such candi-
dates, called Weakly Interacting Massive Particles (WIMPs).
Some examples are the LSP (Lightest Supersymmetric Parti-
cle) [4–11], technibaryon [12, 13], mirror matter [14, 15], and
Kaluza-Kleinmodelswith universal extra dimensions [16, 17].
Among other things these models predict an interaction of
dark matter with ordinary matter via the exchange of a scalar
particle, which leads to a spin independent interaction (SI) or
vector boson interaction and therefore to a spin dependent
(SD) nucleon cross section.

Since the WIMPs are expected to be extremely nonrela-
tivistic, with average kinetic energy ⟨𝑇⟩ ≈ 50 keV(𝑚WIMP/100GeV), they are not likely to excite the nucleus, even

if they are quite massive, 𝑚WIMP > 100GeV. Therefore
they can be directly detected mainly via the recoiling of
a nucleus, first proposed more than 30 years ago [18].
There exists a plethora of direct dark matter experiments
with the task of detecting WIMP event rates for a vari-
ety of targets such as those employed in XENON10 [19],
XENON100 [20], XMASS [21], ZEPLIN [22], PANDA-X
[23], LUX [24], CDMS [25], CoGENT [26], EDELWEISS
[27], DAMA [28, 29], KIMS [30], and PICASSO [31, 32].
These consider dark matter candidates in the multi-GeV
region.

Recently, however, an important darkmatter particle can-
didate of the Fermion variety in themass range of 10–100 keV,
obtained from galactic observables, has arisen [33–35]. This
scenario produces basically the same behavior in the power
spectrum (down toMpc scales) with that of standardΛCDM
cosmologies, by providing the expected large-scale structure
[36]. In addition, it is not too warm; that is, the masses
involved are larger than 𝑚 = 1–3 keV to be in conflict with
the current Ly𝛼 forest constraints [37] and the number of
MilkyWay satellites [38], as in standardΛWDMcosmologies.
In fact an interesting viable candidate has been suggested,
namely, a sterile neutrino in the mass region of 48–300 keV
[33–35, 39–43], but most likely around 50 keV. For a recent
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review, involving a wider range of masses, see the white paper
[44].

The existence of light sterile neutrinos had already been
introduced to explain some experimental anomalies like
those claimed in the short baseline LSND and MiniBooNE
experiments [45–47], the reactor neutrino deficit [48], and
the Gallium anomaly [49, 50], with possible interpretations
discussed, for example, in [51, 52] as well as in [53, 54] for
sterile neutrinos in the keV region. The existence of light
neutrinos can be expected in an extended see-sawmechanism
involving a suitable neutrino mass matrix containing a num-
ber of neutrino singlets not all of which being very heavy. In
suchmodels it is not difficult to generatemore than one sterile
neutrino, which can couple to the standard neutrinos [55].
As it has already been mentioned, however, the explanation
of cosmological observations requires sterile neutrinos in
the 50 keV region, which can be achieved in various models
[33, 56].

In the present paper we will examine possible direct
detection possibilities for the direct detection of these sterile
neutrinos. Even though these neutrinos are quite heavy, their
detection is not easy. Since like all dark matters candidates
move in our galaxies with no relativistic velocities, with
average value about 10−3 c, and with energies about 0.05 eV,
not all of them can be deposited in the detectors. Therefore
the standard detection techniques employed in the standard
dark matter experiments like those mentioned above are not
applicable in this case. Furthermore, the size of the mixing
parameter of sterile neutrinos with ordinary neutrinos is

crucial for detecting sterile neutrinos. Thus our results con-
cerning the expected event rates will be given in terms of this
parameter.

The paper is organized as follows. In Section 2 we study
the option on neutrino-electron scattering. In Section 3 we
consider the case of low temperature bolometers. In Section 4
the possibility of neutrino induced atomic excitations is
explored. In Section 5 we will consider the antineutrino
absorption on nuclei, which normally undergo electron cap-
ture, and finally in Section 6 themodification of the end point
electron energy in beta decay, for example, in the KATRIN
experiment [57], is discussed. In Section 7, we summarize our
conclusions.

2. The Neutrino-Electron Scattering

The sterile neutrino as dark matter candidate can be treated
in the framework of the usual dark matter searches for light
WIMPs except that its mass is very small. Its velocity follows
aMaxwell-Boltzmann (MB) distributionwith a characteristic
velocity about 10−3 c. Since the sterile neutrino couples to the
ordinary electron neutrino it can be detected in neutrino-
electron scattering experiments with the advantage that the
neutrino-electron cross section is very well known. Both the
neutrino and the electron can be treated as nonrelativistic
particles. Furthermore we will assume that the electrons
are free, since the WIMP energy is not adequate to ionize
an the atom. Thus the differential cross section is given
by

𝑑𝜎 = 1𝜐𝐶2] (𝑔2𝑉 + 𝑔2𝐴) ( 𝐺𝐹2√2)2 𝑑3p](2𝜋)3 𝑑3p𝑒(2𝜋)3 (2𝜋)4 𝛿 (p] − p] − p𝑒) 𝛿( 𝑝2]2𝑚]
− (𝑝)2

]2𝑚]
− 𝑝2𝑒2𝑚𝑒) , (1)

where 𝐶2] is the square of the mixing of the sterile neutrino
with the standard electron neutrino ]𝑒 and 𝐺𝐹 = 𝐺 cos 𝜃𝑐,
where 𝐺 = 1.1664 × 10−5 GeV−2 denotes the Fermi weak
coupling constant and 𝜃𝑐 ≃ 13∘ is the Cabibbo angle [58].The
integration over the outgoing neutrino momentum is trivial
due to the momentum 𝛿 function yielding

𝑑𝜎 = 1𝜐𝐶2] (𝑔2𝑉 + 𝑔2𝐴) ( 𝐺𝐹2√2)2 1(2𝜋)2
⋅ 𝑑3p𝑒𝛿(𝑝𝑒𝜐𝜉 − 𝑝2𝑒2𝜇𝑟) , (2)

where 𝜉 = 𝑝𝑒 ⋅ 𝑝], 0 ≤ 𝜉 ≤ 1, 𝜐 is the WIMP velocity, and 𝜇𝑟
is the WIMP-electron reduced mass, 𝜇𝑟 ≈ 𝑚]. The electron
energy 𝑇 is given by

𝑇 = 𝑝2𝑒2𝑚𝑒 = 2𝑚2]𝑚𝑒 (𝜐𝜉)2 ⇒ 0 ≤ 𝑇 ≤ 2𝑚2]𝑚𝑒 𝜐2esc, (3)

where 𝜐esc is the maximumWIMP velocity (escape velocity).
Integrating (2) over the angles, using the 𝛿 function for the 𝜉
integration we obtain

𝑑𝜎 = 𝐶2] 1𝜐 (𝑔2𝑉 + 𝑔2𝐴) ( 𝐺𝐹2√2)2 12𝜋𝑝2𝑒𝑑𝑝𝑒 1𝑝𝑒𝜐 ⇒
𝑑𝜎 = 𝐶2] 1𝜐2 (𝑔2𝑉 + 𝑔2𝐴) ( 𝐺𝐹2√2)2 12𝜋𝑚𝑒𝑑𝑇. (4)

We are now in a position to fold the velocity distribution
assuming it to be MB with respect to the galactic center:

𝑓 (𝜐) = 1(√𝜋𝜐0)3 𝑒−(𝜐/𝜐0)2 . (5)

In the local frame, assuming that the sun moves around the
center of the galaxy with velocity 𝜐0 = 220 km/s, 𝜐 = 𝜐+𝜐0�̂�,
we obtain𝑓ℓ (𝑦, 𝜉) = 1(√𝜋𝜐0)3 𝑒−(1+𝑦2+2𝑦𝜉), 𝑦 = 𝜐𝜐0 , (6)
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Figure 1: The shape of the spectrum of the emitted electrons in
sterile neutrino-electron scattering.

where 𝜉 is now the cosine of the angle between the WIMP
velocity 𝜐 and the direction of the sun’s motion. Eventually
we will need the flux so we multiply with the velocity 𝜐
before we integrate over the velocity.The limits of integration
are between 𝜐min and 𝜐esc. The velocity is given via (3);
namely,

𝜐 = √2𝑚𝑒𝑇2𝑚]𝜉 ⇒ 𝜐min = √2𝑚𝑒𝑇2𝑚]
(7)

We find it convenient to express the kinetic energy 𝑇 in units
of 𝑇0 = 2(𝑚2]/𝑚𝑒)𝜐20 . Then

𝑦min = √𝑥, 𝑥 = 𝑇𝑇0 . (8)

Thus

⟨𝜐𝑑𝜎𝑑𝑇⟩ = 1𝜐0 1𝑇0 𝑚𝑒16𝜋𝐶2]𝐺2𝐹 (𝑔2𝑉 + 𝑔2𝐴)
⋅ ∫𝑦esc
√𝑥

𝑑𝑦𝑦 2√𝜋𝑒−(1+𝑦2) ∫1
−1

𝑑𝜉𝑒−2𝑦𝜉. (9)

These integrals can be done analytically to yield

⟨𝜐𝑑𝜎𝑑𝑇⟩ = 1𝜐0 𝑚𝑒16𝜋𝐶2]𝐺2𝐹 (𝑔2𝑉 + 𝑔2𝐴) 𝑔 (𝑥) ,
𝑔 (𝑥) = 12 (erf (1 − √𝑥) + erf (√𝑥 + 1)

+ erfc (1 − 𝑦esc) + erfc (𝑦esc + 1) − 2) ,
(10)

where erf is the error function and erfc(𝑥) is its complement.
The function 𝑔(𝑥) characterizes the spectrum of the emitted
electrons and is exhibited in Figure 1 and it is without

any particular structure, which is the case in most WIMP
searches. For a 50 keV sterile neutrino we find that

𝑇0 = 2(𝑚]𝑚𝑒)2 (2.23 )2 10−6𝑚𝑒𝑐2 ≈ 5.0 × 10−3 eV
𝑇max = 𝑇0𝑦2esc = 5 × 10−32.842 ≈ 0.04 eV⟨𝑇⟩ = 1.6𝑇0 = 8.0 × 10−3 eV.

(11)

Now 𝑑𝑇 = 𝑇0𝑑𝑥. Thus

⟨𝜐𝜎⟩𝜐0 = 1𝜐20 𝑚𝑒𝑇016𝜋 𝐶2]𝐺2𝐹 (𝑔2𝑉 + 𝑔2𝐴)∫𝑦2esc
0

𝑑𝑥𝑔 (𝑥)
= 1.43𝑚2]8𝜋𝐶2]𝐺2𝐹 (𝑔2𝑉 + 𝑔2𝐴) , (12)

where

∫𝑦2esc
0

𝑑𝑥𝑔 (𝑥) = 1.43. (13)

It is clear that with this amount of energy transferred
to the electron it is not possible to eject an electron out
of the atom. One therefore must use special materials such
that the electrons are loosely bound. It has recently been
suggested that it is possible to detect even very light WIMPS,
much lighter than the electron, utilizing Fermi-degenerate
materials like superconductors [59]. In this case the energy
required is essentially the gap energy of about 1.5𝑘𝑇𝑐, which
is in the meV region; that is, the electrons are essentially free.
In what follows, we assume the values

𝑔𝐴 = 1,𝑔𝑉 = 1 + 4 sin2 𝜃𝑊 = 1.92,𝐺2𝐹 = 5.02 × 10−44 cm2/MeV2

(14)

while 𝐶2] is taken as a parameter and will be discussed in
Section 7. Thus we obtain⟨𝜐𝜎⟩𝜐0 = 3.47 × 10−47𝐶2] cm2. (15)

The neutrino particle density is

𝑁] = 𝜌𝑚]
= 0.3GeV/cm350 × 10−6 GeV = 6 × 103 cm−3 (16)

while the neutrino flux

Φ] = 𝜌𝑚]
𝜐0 = 1.32 × 1011 cm−2s−1, (17)
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Table 1: The frequency modes below the Debye temperature for 𝛼-TeO2 obtained from Table VIII of [60] (for notation see text).

]𝑖 = 𝜔𝑖2𝜋 (cm−1) 52 124 128 152 157 176 177 179
Symmetry 𝐵1 𝐸 𝐵1 𝐴1 𝐵2 𝐴2 𝐸 𝐵1𝜔𝑖 (eV) 0.006 0.015 0.016 0.019 0.019 0.022 0.022 0.022𝑁𝑖 16 6 6 5 5 4 4 4𝐸max(𝑖) (meV) 106 100 102 103 107 98 99 100
where 𝜌 = 0.3GeV/cm3, being the dark matter density.
Assuming that the number of electron pairs in the target is2 ×𝑁𝐴 = 2 × 1024 we find that the number of events per year
is

Φ]
⟨𝜐𝜎⟩𝜐0 2 × 𝑁𝐴 = 2.89 × 10−4𝐶2] y−1. (18)

The authors of [59] are perhaps aware of the fact that the
average energy for very light WIMPS is small and as we have
seen above a small portion of it is transferred to their system.
With their bolometer detector these authors probably have a
way to circumvent the fact that a small amount of energy will
be deposited, about 0.4 eV in a year for 𝑁𝐴 ≈ 1024. Perhaps
they may manage to accumulate a larger number of loosely
bound electrons in their target.

3. Sterile Neutrino Detection via
Low Temperature Bolometers

Another possibility is to use bolometers, like the CUORE
detector exploiting Low Temperature Specific Heat of Crys-
talline 130TeO2 at low temperatures.The energy of theWIMP
will now be deposited in the crystal, after its interaction with
the nuclei via Z-exchange. In this case the Fermi component
of interaction with neutrons is coherent, while that of the
protons is negligible. Thus the matrix element becomes

ME = 𝐺𝐹2√2𝑁𝑔𝑉,𝑁 = number of neutrons in the nucleus. (19)

A detailed analysis of the frequencies of 130TeO2 can
be found [60]. The analysis involved crystalline phases of
tellurium dioxide: paratellurite 𝛼-TeO2, tellurite 𝛽-TeO2, and
the new phase -TeO2, recently identified experimentally.
Calculated Raman and IR spectra are in good agreement with
available experimental data. The vibrational spectra of 𝛼 and𝛽-TeO2 can be interpreted in terms of vibrations of TeO2
molecular units. The 𝛼-TeO2 modes are associated with the
symmetry𝐷4 or 422, which has 5 irreducible representations,
two 1-dimensional representations of the antisymmetric type
indicated by 𝐴1 and 𝐴2, two 1-dimensional representations
of the symmetric types 𝐵1 and 𝐵2, and one 2-dimensional
representation, usually indicated by 𝐸. They all have been
tabulated in [60].Those that can be excitedmust be below the

Debye frequency which has been determined [61] and found
to be quite low:

𝑇𝐷 = (232 ± 7) ∘K ⇒ 𝜔𝐷 = 0.024 eV. (20)

This frequency is smaller than the maximum sterile neutrino
energy estimated to be 𝑇max = 0.11 eV. Those frequency
modes of interest to us are given in Table 1. The differential
cross section is, therefore, given by

𝑑𝜎 = 1𝜐𝐶2]𝑁2 (𝑔2𝑉) ( 𝐺𝐹2√2)2 8∑
𝑘=1

𝑁𝑘∑
𝑛𝑖=0

𝑑3p](2𝜋)3 𝑑3q(2𝜋)3 (2𝜋)4⋅ 𝐹2 (q2) 𝛿 (p] − p] − q)
⋅ 𝛿( 𝑝2]2𝑚]

− (𝑝)2
]2𝑚]
− (𝑛𝑖 + 12)𝜔𝑘) ,

(21)

where 𝑁𝑖 will be specified below and q is the momentum
transferred to the nucleus. The momentum transfer is small
and the form factor 𝐹2(q2) can be neglected.

In deriving this formula we tacitly assumed a coherent
interaction between the WIMP and several nuclei, thus
creating a collective excitation of the crystal, that is, a phonon
or few phonons. This of course is a good approximation
provided that the energy transferred is small, of a few tens
of meV. We see from Table 1 that the maximum allowed
energy is small, around 100meV. We find that, if we restrict
the maximum allowed energy by a factor of 2, the obtained
results are reduced only by a factor of about 10%. We may
thus assume that this approximation is good.

Integrating over the nuclear momentum we get

𝑑𝜎 = 1𝜐𝐶2]𝑁2 (𝑔2𝑉) ( 𝐺𝐹2√2)2 1(2𝜋)2
⋅ 8∑
𝑘=1

𝑁𝑘∑
𝑛𝑖=0

𝑑3p]𝛿( 𝑝2]2𝑚]
− (𝑝)2

]2𝑚]
− (𝑛𝑖 + 12)𝜔𝑘)

𝑑𝜎 = 1𝜐𝐶2]𝑁2 (𝑔2𝑉) ( 𝐺𝐹2√2)2 1(2𝜋)2
⋅ 8∑
𝑘=1

𝑁𝑘∑
𝑛𝑖=0

𝑑3p]𝛿( 𝑝2]2𝑚]
− (𝑝)2

]2𝑚]
− (𝑛𝑖 + 12)𝜔𝑘) ;

(22)
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Figure 2: (a)The function𝑓𝑛,𝜔1 (𝑦), exhibited as a function of𝑦, associatedwith themode ]1 = 52 cm−1 for 𝑛 = 0, 1, 2, 3 increasing downwards.
(b) The functions 𝑓𝑛,𝜔2 (𝑦) associated with ]2 = 124 cm−1 for 𝑛 = 0, 1 and 𝑓0,𝜔4 for ]4 = 157 cm−1, 𝑛 = 0, and 𝑓0,𝜔6 for ]6 = 176 cm−1, 𝑛 = 0,
exhibited as a function of 𝑦, for thick solid, solid, dashed, and dotted lines, respectively. For definitions see text.

performing the integration using the 𝛿 function we get

𝜎 = 1𝜐𝐶2]𝑁2 (𝑔2𝑉) ( 𝐺𝐹2√2)2 1𝜋
⋅ 𝑚]√2𝑚]

8∑
𝑘=1

𝑁𝑘∑
𝑛𝑖=1

√𝐸] − (𝑛𝑖 + 12)𝜔𝑘
𝜎 = 𝜐0𝜐 𝐶2]𝑁2 (𝑔2𝑉) ( 𝐺𝐹2√2)2 1𝜋

⋅ 𝑚2] 8∑
𝑘=1

𝑁𝑘∑
𝑛𝑖=0

√𝑦2 − (𝑛𝑖 + 1/2) 𝜔𝑘𝑇1 ,
(23)

where 𝑇1 = (1/2)𝑚]𝜐20 , 𝑦 = 𝜐/𝜐0
Folding with the velocity distribution we obtain

⟨𝜐𝜎⟩ = 𝜐0𝐶2]𝑁2 (𝑔2𝑉) ( 𝐺𝐹2√2)2 1𝜋𝑚2] 8∑
𝑘=1

𝑁𝑘∑
𝑛𝑖=0

𝐼𝑛𝑖 ,𝜔𝑘 ,
𝐼𝑛𝑖 ,𝜔𝑘 = ∫𝑦esc

𝑦min

𝑑𝑦𝑓𝑛𝑖 ,𝜔𝑘 (𝑦) ,
𝑓𝑛𝑖,𝜔𝑘 (𝑦) = √𝑦2 − (𝑛𝑖 + 1/2) 𝜔𝑘𝑇1 𝑦𝑒−1−𝑦2 sinh 2𝑦,

𝑦min = √ (𝑛𝑖 + 1/2) 𝜔𝑘𝑇1 .
(24)

We see that we have the constraint imposed by the available
energy; namely,

𝑁𝑘 = IP[𝑦2esc𝑇1𝜔𝑘 − 12] , (25)

where IP[𝑥] = integer part of 𝑥. We thus find 𝑁𝑘 listed in
Table 1. The functions 𝑓𝑛𝑖 ,𝜔𝑘(𝑦) are exhibited in Figure 2. The
relevant integrals are 𝐼𝑛(𝜔1) = (1.170, 0.972, 0.785, 0.621)
for 𝑛 = 0, 1, 2, 3, 𝐼𝑛(𝜔2) = (1.032, 0.609), for 𝑛 = 0, 1,𝐼𝑛(𝜔3) = (1.025, 0.592), for 𝑛 = 0, 1, and 𝐼0(𝜔𝑘) =(0.979, 0.970, 0.934, 0.932, 0.929) for 𝑘 = 4, . . . , 8. Thus we
obtain a total of 17.8.The event rate takes with a target of mass𝑚𝑡 which takes the form

𝑅 = Φ]𝐶2]𝑁2 (𝑔2𝑉)𝐺2𝐹 18𝜋 𝑚𝑡𝐴𝑚𝑝𝑚2]17.8. (26)

If we restrict the maximum allowed energy to half of that
shown in Table 1 by a factor of two, we obtain 15.7 instead
of 17.8.

For a 130TeO2 target (𝑁 = 78) of 1 kg of mass get

𝑅 = 1.7 × 10−6𝐶2] per kg-s = 51𝐶2] per kg-y (27)

This is much larger than that obtained in the previous
section, mainly due to the neutron coherence arising from
the Z-interaction with the target (the number of scattering
centers is approximately the same, 4.5 × 1024). In the present
case, however, targets can be larger than 1 kg. Next we are
going to examine other mechanisms, which promise a better
signature.

4. Sterile Neutrino Detection via
Atomic Excitations

We are going to examine the interesting possibility of exci-
tation of an atom froma level |𝑗1, 𝑚1⟩ to a nearby level
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|𝑗2, 𝑚2⟩ at energy Δ = 𝐸2 − 𝐸1, which has the same
orbital structure. The excitation energy has to be quite low;
that is,

Δ ≤ 12𝑚]𝜐2esc = 1250 × 1032.842 (2.23 )2 10−6
= 0.11 eV. (28)

The target is selected so that the two levels |𝑗1, 𝑚1⟩ and|𝑗2, 𝑚2⟩ are closer than 0.11 eV. This can result from the
splitting of an atomic level by the magnetic field so that
they can be connected by the spin operator. The lower
one |𝑗1, 𝑚1⟩ is occupied by electrons but the higher one|𝑗2, 𝑚2⟩ is completely empty at sufficiently low tempera-
ture. It can be populated only by exciting an electron to
it from the lower one by the oncoming sterile neutrino.
The presence of such an excitation is monitored by a
tuned laser which excites such an electron from |𝑗2, 𝑚2⟩
to a higher state |𝑗3, 𝑚3⟩, which cannot be reached in any
other way, by observing its subsequent decay by emitting
photons.

Since this is a one-body transition the relevant matrix
element takes the formME (𝑗1, 𝑚1; 𝑗2, 𝑚2)2= 𝑔2𝑉𝛿𝑗1 ,𝑗2𝛿𝑚1 ,𝑚2 + 𝑔2𝐴 (𝐶ℓ,𝑗1 ,𝑚1,𝑗2 ,𝑚2)2 (29)

(in the case of the axial current we have 𝑔𝐴 = 1 and we need
evaluate the matrix element of 𝜎] ⋅ 𝜎𝑒 and then square it and
sum and average over the neutrino polarization).𝐶ℓ,𝑗1 ,𝑚1 ,𝑗2,𝑚2 = ⟨𝑛ℓ𝑗2𝑚2 |𝜎| 𝑛ℓ𝑗1𝑚1⟩= ⟨𝑗1𝑚1, 1𝑚2 − 𝑚1 | 𝑗2𝑚2⟩

⋅ √(2𝑗1 + 1) 3√2ℓ + 1√6{{{{{{{{{
ℓ 12 𝑗1ℓ 12 𝑗20 1 1

}}}}}}}}}
(30)

expressed in terms of the Clebsch-Gordan coefficient and the
nine-j symbol. It is clear that in the energy transfer of interest
only the axial current can contribute to excitation.

The cross section takes the form

𝑑𝜎 = 1𝜐𝐶2] ( 𝐺𝐹2√2)2 ME (𝑗1, 𝑚1; 𝑗2, 𝑚2)2 𝑑3p](2𝜋)3 𝑑3p𝐴(2𝜋)3 (2𝜋)4 𝛿 (p] − p] − p𝐴) 𝛿 (𝐸] − Δ − 𝐸]) . (31)

Integrating over the atom recoil momentum, which has
negligible effect on the energy, and over the direction of the
final neutrino momentum and energy via the 𝛿 function we
obtain𝜎 = 1𝜐𝐶2] ( 𝐺𝐹2√2)2 ME (𝑗1, 𝑚1; 𝑗2, 𝑚2)2 1𝜋 (𝐸] − Δ)

⋅ √2 (𝐸] − Δ − 𝑚])𝑚] = 1𝜐𝐶2] ( 𝐺𝐹2√2)2⋅ ME (𝑗1, 𝑚1; 𝑗2, 𝑚2)2 1𝜋𝑚2]√2𝑇1𝑚]
𝑓(𝑦, Δ𝑇1)𝑓(𝑦, Δ𝑇1) = (𝑦2 − Δ𝑇1)1/2 , 𝑇1 = 12𝑚]𝜐20 ,

(32)

where we have set 𝐸 − Δ = 𝑚] + 𝑇1 − Δ ≈ 𝑚].
Folding the cross section with the velocity distribution

from a minimum√Δ/𝑇1 to 𝑦esc we obtain⟨𝜐𝜎⟩𝜐0= 𝐶2] ( 𝐺𝐹2√2)2𝑚2] ME (𝑗1, 𝑚1; 𝑗2, 𝑚2)2 1𝜋𝑔( Δ𝑇1)𝑔( Δ𝑇1)= 2√𝜋 ∫𝑦esc
√Δ/𝑇1

𝑑𝑦𝑦2 (𝑦2 − Δ𝑇1)1/2 𝑒−(1+𝑦2) sinh 2𝑦𝑦 .
(33)

Clearly themaximum excitation energy that can be reached isΔmax = 2.842𝑇0 = 0.108 eV.The function𝑔(Δ/𝑇1) is exhibited
in Figure 3.

Proceeding as in Section 2 and noting that for small
excitation energy 𝑔(Δ/𝑇1) ≈ 1.4 we find

𝑅 = 1.8 × 10−2𝐶2] 1𝐴 (𝐶ℓ,𝑗1 ,𝑚1 ,𝑗2,𝑚2)2 kg-y. (34)

The expected ratewill be smaller after the angularmomentum
factor 𝐶ℓ,𝑗1 ,𝑚1 ,𝑗2,𝑚2 is included (see Appendix A). Anyway,
leaving aside this factor, which can only be determined after
a specific set of levels is selected, we see that the obtained rate
is comparable to that expected from electron recoil (see (18)).
In fact for a target with 𝐴 = 100 we obtain

𝑅 = 1.8 × 10−4𝐶2] (𝐶ℓ,𝑗1 ,𝑚1 ,𝑗2,𝑚2)2 kg-y. (35)

This rate, however, decreases as the excitation energy
increases (see Figure 3). In the present case, however, we have
two advantages.

(i) The characteristic signature of photons spectrum
is following the deexcitation of the level |𝑗3, 𝑚3⟩
mentioned above.The photon energy can be changed
if the target is put in a magnetic field by a judicious
choice of |𝑗3, 𝑚3⟩.

(ii) The target now can be much larger, since one can
employ a solid at very low temperatures. The ions
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Figure 3:The function 𝑔(Δ/𝑇1) for sterile neutrino scattering by an
atom as a function of the excitation energy in eV.

of the crystal still exhibit atomic structure. The elec-
tronic states probably will not carry all the important
quantum numbers as their corresponding neutral
atoms. One may have to consider exotic atoms (see
Appendix B) or targets which contain appropri-
ate impurity atoms in a host crystal, for example,
chromium in sapphire.

In spite of this it seems very hard to detect such a process,
since the expected counting rate is very low.

5. Sterile Neutrino Capture by a Nucleus
Undergoing Electron Capture

This is essentially the process:

] + 𝑒𝑏 + 𝐴 (𝑁,𝑍) → 𝐴 (𝑁 + 1, 𝑍 − 1)∗ (36)

involving the absorption of a neutrino with the simultaneous
capture of a bound electron. It has already been studied
[62] in connection with the detection of the standard relic
neutrinos. It involves modern technological innovations
like the Penning Trap Mass Spectrometry (PT-MS) and
the Microcalorimetry (MC). The former should provide an
answer to the question of accurately measuring the nuclear
binding energies and how strong the resonance enhancement
is expected, whereas the latter should analyze the bolometric
spectrum in the tail of the peak corresponding to L-capture
to the excited state in order to observe the relic antineutrino
events. They also examined the suitability of 157Tb for relic
antineutrino detection via the resonant enhancement to be
considered by the PT-MS and MC teams. In the present case
the experimental constraints are expected to be less stringent
since the sterile neutrino is much heavier.

Let us measure all energies from the ground state of the
final nucleus and assume that Δ is the mass difference of the
two neutral atoms. Let us consider a transition to the final
state with energy 𝐸𝑥. The cross section for a neutrino (here
as well as in the following we may write neutrino, but it is

understood that we mean antineutrino) of given velocity 𝜐
and kinetic energy 𝐸] is given by

𝜎 (𝐸]) = 𝐶2] 1𝜐 ME (𝐸𝑥)2nuc ⟨𝜙𝑒⟩2
⋅ ( 𝐺𝐹2√2)2 𝑑3𝑝𝐴(2𝜋)3 (2𝜋)4 𝛿 (p𝐴 − p]) 𝛿 (𝐸] + 𝑚] + Δ − 𝐸𝑥 − 𝑏) , (37)

where p𝐴 is the recoiling nucleus momentum. Integrat-
ing over the recoil momentum using the 𝛿 function we
obtain

𝜎 (𝐸]) = 𝐶2]2𝜋1𝜐 ME (𝐸𝑥)2nuc ⟨𝜙𝑒⟩2 ( 𝐺𝐹2√2)2
⋅ 𝛿 (𝐸] + 𝑚] + Δ − 𝐸𝑥 − 𝑏) . (38)

We note that since the oncoming neutrino has a mass, the
excited state must be higher than the highest excited state at𝐸𝑥 = Δ−𝑏.With indicating by 𝜖 = 𝐸𝑥−𝐸𝑥 the above equation
can be written as

𝜎 (𝐸]) = 𝐶2]2𝜋1𝜐 ME (𝐸𝑥)2nuc ⟨𝜙𝑒⟩2 ( 𝐺𝐹2√2)2⋅ 𝛿 (𝐸] + 𝑚] − 𝜖) . (39)

Folding it with the velocity distribution as above we obtain

⟨𝜐𝜎 (𝐸])⟩ = 𝐶2]2𝜋 ME (𝐸𝑥)2nuc ⟨𝜙𝑒⟩2 ( 𝐺𝐹2√2)2⋅ ∫𝑦esc
0

𝑑𝑦𝑦2 2√𝜋𝑒−(1+𝑦2) sinh 2𝑦𝑦⋅ 𝛿 (𝑚] + 12𝑚]𝜐20𝑦2 − 𝜖)
(40)

or using the delta function⟨𝜐𝜎 (𝐸])⟩
= 2𝜋𝐶2] ME (𝐸𝑥)2nuc ⟨𝜙𝑒⟩2𝑚]𝜐20 ( 𝐺𝐹2√2)2 𝐹 (𝑋) ,

𝐹 (𝑋) = 2√𝜋𝑒−(1+𝑋2) sinh 2𝑋,
𝑋 = 1𝜐0√2( 𝜖𝑚]

− 1).
(41)

As expected the cross section exhibits resonance behavior
though the normalized function 𝐹(𝑋) as shown in Figure 4.
It is, of course, more practical to exhibit the function 𝐹(𝑋)
as a function of the energy 𝜖. This is exhibited in Figure 5.
From this figure we see that the cross section resonance is
quite narrow. We find that the maximum occurs at 𝜖 =𝑚](1 + 2.8 × 10−7) = 50 keV + 0.014 eV and has a widthΓ = 𝑚](1 + 9.1 × 10−7) − 𝑚](1 + 0.32 × 10−7) ≈ 0.04 eV. So
for all practical purposes it is a line centered at the neutrino
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Figure 4: The cross section exhibits resonance behavior. Shown
is the resonance properly normalized as a function of 𝑋 =(1/𝜐0)√2(𝜖/𝑚] − 1). The width is Γ = 1.49 and the location of the
maximum is at 1.03.

mass. The width may be of some relevance in the special
case whereby the excited state can be determined by atomic
deexcitations at the sub-eV level, but it will not show up in the
nuclear deexcitations.

If there is a resonance in the final nucleus at the energy𝐸𝑥 = 𝜖 + (Δ − 𝑏) with a width Γ then perhaps it can be
reached even if 𝜖 is a bit larger than𝑚]; for example, 𝜖 = 𝑚] +Γ/2. The population of this resonance can be determined by
measuring the energy of the deexcitation 𝛾-ray, which should
exceed by 𝜖 the maximum observed in ordinary electron
capture.

For antineutrinos having zero kinetic energy the atom in
the final state has to have an excess energyΔ−(𝑏−𝑚]) and this
can only happen if this energy can be radiated out via photon
or phonon emission. The photon emission takes place either
as atomic electron or nuclear level transitions. In the first
case photon energies are falling in the eV-keV energy region
and this implies that only nuclei with a very small Δ-value
could be suitable for this detection. In the second case, there
should exist a nuclear level thatmatches the energy difference𝐸𝑥 = Δ−(𝑏−𝑚]) and therefore the incoming antineutrino has
no energy threshold.Moreover, spontaneous electron capture
decay is energetically forbidden, since this is allowed for 𝐸𝑥 <Δ − (𝑏 + 𝑚]).

As an example we consider the capture of a very low
energy ] by the 15765 Tb nucleus:

] + 𝑒− + 15765Tb → 165
64Gd

∗ (42)

taking the allowed transitions from the ground state (3/2+)
of parent nucleus, 15765Tb, to the first excited 5/2+ state of the
daughter nucleus 15764Gd. The spin and parity of the nuclei
involved obey the relations Δ𝐽 = 1, Π𝑓Π𝑖 = +1, and the
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Figure 5: The cross section exhibits resonance behavior. Shown is𝐹(𝑋) as a function of (𝜖/𝑚] − 1).
transition is dubbed as allowed. The nuclear matrix element
ME can be written as

|ME|2 = (𝑔𝐴𝑔𝑉)2 ⟨GT⟩2 , (43)

where 𝑔𝐴 = 1.2695 and 𝑔𝑉 = 1 are the axial and
vector coupling constants, respectively. The nuclear matrix
element is calculated using the microscopic quasi-particle-
phonon (MQPM) model [63, 64] and it is found to be|ME|2 = 0.96. The experimental value of first excited5/2+ is at 64 keV [65] while that predicted by the model
is at 65 keV. The Δ-value is ranging from 60 to 63 keV
[65].

For K-shell electron capture where ⟨𝜙𝑒⟩2 = ((𝛼𝑍/𝜋)𝑚𝑒)3
(1s capture) with binding energy 𝑏 = 50.24 keV, the velocity
averaged cross section takes the value

⟨𝜎𝜐⟩ = 8.98 × 10−46𝐶2] cm2 (44)

and the event rate we expect for mass𝑚𝑡 = 1 kg is
𝑅 = 8.98 × 10−46𝐶2] × 6 103 × 6.023 1023 × 𝑚𝑡𝐴 × 9.28

× 1017 y−1 = 19𝐶2] y−1. (45)

The life time of the source should be suitable for the
experiment to be performed. If it is too short, the time
available will not be adequate for the execution of the
experiment. If it is too long, the number of counts during the
data taking will be too small. Then one will face formidable
backgrounds and/or large experimental uncertainties.

The source should be cheaply available in large quantities.
Clearly a compromise has to be made in the selection of the
source. One can be optimistic that such adequate quantities
can be produced in Russianreactors. The nuclide parameters
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Table 2: Nuclides relevant for the search of the keV sterile neutrinos in the electron capture process. We give the life time 𝑇1/2, the 𝑄-value,
the electron binding energy 𝐵𝑖 for various captures, and the value of Δ = 𝑄 − 𝐵𝑖. For details see [66].
Nuclide 𝑇1/2 EC transition 𝑄 (keV) 𝐵𝑖 (keV) 𝐵𝑗 (keV) 𝑄 − 𝐵𝑖 (keV)
157Tb 71 y 3/2+ → 3/2− 60.04(30) K: 50.2391(5) LI: 8.3756(5) 9.76
163Ho 4570 y 7/2− → 5/2− 2.555(16) MI: 2.0468(5) NI: 0.4163(5) 0.51
179Ta 1.82 y 7/2+ → 9/2+ 105.6(4) K: 65.3508(6) LI: 11.2707(4) 40.2
193Pt 50 y 1/2− → 3/2+ 56.63(30) LI: 13.4185(3) MI: 3.1737(17) 43.2
202Pb 52 ky 0+ → 2− 46(14) LI: 15.3467(4) MI: 3.7041(4) 30.7
205Pb 13My 5/2− → 1/2+ 50.6(5) LI: 15.3467(4) MI: 3.7041(4) 35.3
235Np 396 d 5/2+ → 7/2− 124.2(9) K: 115.6061(16) LI: 21.7574(3) 8.6

relevant to our work can be found in [66] (see also [67]),
summarized in Table 2.

6. Modification of the End Point Spectra of𝛽 Decaying Nuclei

The end point spectra of 𝛽 decaying nuclei can be modified
by the reaction involving sterile (anti)neutrinos:

] + 𝐴 (𝑁,𝑍) → 𝐴 (𝑁 − 1, 𝑍 + 1) + 𝑒− (46)

or

] + 𝐴 (𝑁,𝑍) → 𝐴 (𝑁 + 1, 𝑍 − 1) + 𝑒+. (47)

This can be exploited in onongoing experiments, for example,
in the tritium decay:

] + 31H → 3
2He + 𝑒−. (48)

The relevant cross section is

𝜎 (𝐸]) = 𝐶2] 1𝜐 ME (𝐸𝑥)2nuc ( 𝐺𝐹2√2)2 𝑑3𝑝𝐴(2𝜋)3 𝑑3𝑝𝑒(2𝜋)3 (2𝜋)4 𝛿 (p] − pA − pe) 𝛿 (𝐸] + Δ − 𝐸𝑒) , (49)

where Δ is the atomic mass difference. Integrating over the
nuclear recoil momentum and the direction of the electron
momentum we get

𝜎 (𝐸]) = 𝐶2] 1𝜐 ME (𝐸𝑥)2nuc ( 𝐺𝐹2√2)2 1𝜋𝐸𝑒𝑃𝑒, (50)

where 𝐸𝑒 = 𝑚] + 12𝑚]𝜐2 + Δ + 𝑚𝑒,
𝑃𝑒 = √𝐸2𝑒 − 𝑚2𝑒 . (51)

Folding the cross sectionwith the velocity distributionwe
find

⟨𝜎𝜐⟩ = 𝐶2] ( 𝐺𝐹2√2)2 2𝜋3/2 ∫𝑦esc0
𝑑𝑦𝑓 (𝑦) , (52)

where𝑓 (𝑦) = |ME|2 𝑦 sinh (2𝑦) 𝐸𝑒𝑃𝑒𝑒−(1+𝑦2)𝐹 (𝑍𝑓, 𝐸𝑒) (53)

with 𝑦 = 𝜐𝜐0 . (54)

The Fermi function, 𝐹(𝑍𝑓, 𝐸𝑒), encapsulates the effects of the
Coulomb interaction for a given lepton energy 𝐸𝑒 and final
state proton number 𝑍𝑓. The function 𝑓(𝑦) is exhibited in
Figure 6.

In transitions happening inside the same isospin mul-
tiplet (𝐽𝜋 → 𝐽𝜋, 𝐽 ̸= 0) both the vector and axial form
factors contribute and in this case the nuclear matrix element
ME(𝐸𝑥) can be written as

|ME|2 = ⟨F⟩2 + (𝑔𝐴𝑔𝑉)2 ⟨GT⟩2 , (55)

where 𝑔𝐴 = 1.2695 and 𝑔𝑉 = 1 are the axial and vector
coupling constants, respectively. In case of 3H target we adopt⟨F⟩2 = 0.9987 and ⟨GT⟩2 = 2.788 from [68]. Thus |ME|2 =5.49.

Thus the velocity averaged cross section takes the value

⟨𝜎𝜐⟩ = 3.44 × 10−46𝐶2] cm2 (56)

and the expected event rate becomes

𝑅 = 3.44 × 10−46𝐶2] × 6 103 × 6.023 1023 × 𝑚𝑡𝐴 × 9.28
× 1017 y−1. (57)
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For a mass of the current KATRIN target, that is, about 1 gr,
we get 𝑅 = 0.380𝐶2] y−1. (58)

It is interesting to compare the neutrino capture rate𝑅] = ⟨𝜎𝜐⟩ 𝜌𝑚]= 3.44 × 10−46𝐶2] × 6 103 × 9.28 × 1017= 1.91 × 10−24𝐶2] y−1
(59)

with that of beta decay process 3H → 3He + 𝑒− + ]𝑗, whose
rate 𝑅𝛽 is given by

𝑅𝛽 = 𝐺2𝐹2𝜋3 ∫𝑊𝑜𝑚𝑒 𝑝𝑒𝐸𝑒𝐹 (𝑍, 𝐸𝑒) |ME|2 𝐸]𝑝]𝑑𝐸𝑒, (60)

where 𝑊𝑜 is the maximal electron energy or else beta decay
endpoint 𝑊𝑜 = 𝐾end + 𝑚𝑒 (61)

with

𝐾end = (𝑚 3H − 𝑚𝑒)2 − (𝑚 3He + 𝑚])22𝑚 3H ≃ Δ
= 18.591 keV, (62)

the electron kinetic energy at the endpoint, and𝑚𝑒 ≈ 510.998910 (13) keV𝑚3H ≈ 2808920.8205 (23) keV𝑚3He ≈ 2808391.2193 (24) keV. (63)

Masses 𝑚3H and 𝑚3He are nuclear masses [58, 69, 70]. The
calculation of (60) gives 𝑅𝛽 = 0.055 y−1. The ratio of 𝑅] to
corresponding beta decay 𝑅𝛽 is very small.𝑅] = 0.034 ⋅ 10−21𝐶2]𝑅𝛽. (64)

The situation is more optimistic in a narrow interval 𝑊𝑜 −𝛿 < 𝐸𝑒 < 𝑊𝑜 near the endpoint. As an example, we
consider an energy resolution 𝛿 = 0.2 eV close to the expected
sensitivity of the KATRIN experiment [57]. Then the ratio of
the event rate 𝑅𝛽(𝛿 = 0.2 eV) to that of neutrino capture 𝑅]
gives 𝑅] = 5.75 ⋅ 10−9𝐶2]𝑅𝛽 (𝛿 = 0.2 eV) . (65)

In Figure 7 we present the ratio of the event rate decay
rate of 𝑅𝛽(𝛿) for the beta decay compared with the neutrino
capture rate 𝑅] as a function of the energy resolution 𝛿 in the
energy region𝑊𝑜 − 𝛿 < 𝐸𝑒 < 𝑊𝑜.

Moreover, the electron kinetic energy𝐾𝑒 due to neutrino
capture process (48) is𝐾𝑒 = 𝐸] + 𝐾end > 𝑚] + 18.591 keV; (66)
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Figure 6: The shape of 𝑓(𝑦) for the decay of 3H, where the atomic
mass difference between 3H and 3He is taking Δ = 18.591 keV [69].
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Figure 7: Ratio of decay rates 𝑅]/𝑅𝛽 (in units of 𝐶2]) as a function
of energy resolution 𝛿 near the endpoint.

this means that the electron in the final state has a kinetic
energy of at least 𝑚] above the corresponding beta decay
endpoint energy. There is no reaction induced background
there, but, unfortunately, the ratio obtained above is much
lower than the expected KATRIN sensitivity.

7. Discussion

In the present paper we examined the possibility of direct
detection of sterile neutrinos of a mass 50 keV, in dark matter
searches. This depends on finding solutions to two problems.
The first is the amount of energy expected to be deposited in
the detector and the second one is the expected event rate. In
connection with the energy we have seen that, even though
these neutrinos are quite heavy, their detection is not easy,
since like all dark matters candidates move in our galaxies
with not relativistic velocities, 10−3 c on the average, and with
energies about 0.05 eV, not all of which can be deposited
in the detectors. Thus the detection techniques employed in
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the standard dark matter experiments, like those looking for
heavy WIMP candidates, are not applicable in this case.

We started our investigation by considering neutrino-
electron scattering. Since the energy of the sterile neutrino is
very small one may have to consider systems with very small
electron binding, for example, electron pairs in superconduc-
tors, which are limited to rather small number of electron
pairs. Alternatively onemay use low temperature bolometers,
which can be larger in size resulting in a higher expected
event rate. These experiments must be able to detect very
small amount of energy.

Then we examined more exotic options by exploiting
atomic and nuclear physics. In atomic physics we examined
the possibility of spin induced excitations. Again to avoid
background problems the detector has a crystal operating at
low temperatures. Then what matters is the atomic structure
of the ions of the crystal or of suitably implanted impurities.
The rate in this case is less than that obtained in the case of
bolometers, but one may be able to exploit the characteristic
feature of the spectrum of the emitted photons.

From the nuclear physics point of view, we consider the
antineutrino absorption on an electron capturing nuclear
system leading to a fine resonance in the (𝑁+1, 𝑍−1) system,
centered 50 keV above the highest excited state reached by the
ordinary electron capture. The deexcitation of this resonance
will lead to a very characteristic 𝛾 ray. Finally the sterile
neutrino will lead to ] + 𝐴(𝑁,𝑍) → 𝑒− + 𝐴(𝑁 − 1, 𝑍 +1) reaction. The produced electrons will have a maximum
energy which goes beyond the end point energy of the
corresponding 𝛽 decay essentially by the neutrino mass. The
signature is less profound than in the case of antineutrino
absorption.

Regarding the event rate, as we have mentioned before, it
is proportional to the coupling of the sterile neutrino to the
usual electron neutrino indicated above as𝐶2] .This parameter
is not known. In neutrino oscillation experiments a value
of 𝐶2] ≈ 10−2 has been employed. With such a value our
results show that the 50 keV neutrino is detectable in the
experiments discussed above. This large value of 𝐶2] is not
consistent, however, with a sterile 50 kev neutrino. In fact
such a neutrino would have a life time [71] of 2 × 105 y, much
shorter than the age of the universe. A cosmologically viable
sterile 50 keV neutrino is allowed to couple to the electron
neutrino with coupling 𝐶2] < 1.3 × 10−7. Our calculations
indicate that such a neutrino is not directly detectable with
experiments considered in this work. The results, however,
obtained for the various physical processes considered in
this work, can be very useful in the analysis of the possible
experimental searches of lighter sterile neutrinos in the mass
range of 1–10 keV.

Appendix

A. Angular Momentum Coefficients Entering
Atomic Excitations

The angular momentum coefficients entering single particle
transitions are shown in (A.1) and (B.4).

Equation (A.1).The coefficients (𝐶ℓ,𝑗1 ,𝑚1 ,𝑗2,𝑚2)2 connect via the
spin operator a given initial state |𝑖⟩ = |𝑛ℓ, 𝑗1, 𝑚1⟩ with all
possible states |𝑓⟩ = |𝑛ℓ, 𝑗2, 𝑚2⟩, for ℓ = 0, 1. Note s-states
are favored.

( ℓ 𝑗1 𝑚1 𝑗2 𝑚2 𝐶2ℓ,𝑗1 ,𝑚1 ,𝑗2,𝑚20 12 −12 12 12 2 ) ,
((((((((((((((((((((((((((((((((((((
(

|𝑖⟩ 𝑓⟩ℓ 𝑗1 𝑚1 𝑗2 𝑚2 𝐶2ℓ,𝑗1 ,𝑚1,𝑗2,𝑚21 12 −12 12 12 291 12 −12 32 −32 431 12 −12 32 −12 891 12 −12 32 12 491 12 12 32 −12 491 12 12 32 12 891 12 12 32 32 431 32 −32 32 −12 231 32 −12 32 12 891 32 12 32 32 23

))))))))))))))))))))))))))))))))))))
)

. (A.1)

B. Exotic Atomic Experiments

As we have mentioned the atomic experiment has to be done
at low temperatures. It may be difficult to find materials
exhibiting atomic structure at low temperatures. It amusing
to note that one may be able to employ at low temperatures
some exotic materials used in quantum technologies (for a
recent review see [72]) like nitrogen-vacancy (NV), that is,
materials characterized by spin 𝑆 = 1, which in a magnetic
field allow transitions between 𝑚 = 0, 𝑚 = 1 and 𝑚 = −1.
These states are spin symmetric. Antisymmetry requires the
space part to be antisymmetric, that is, a wave function of the
form𝜓 = 𝜙2𝑛ℓ (𝑟) [𝐿 = odd, 𝑆 = 1] 𝐽 = 𝐿 − 1, 𝐿, 𝐿 + 1. (B.1)

Of special interest are𝜓 = 𝜙2𝑛ℓ (𝑟)3 𝑃𝐽, 𝜙2𝑛ℓ (𝑟)3 𝐹𝐽. (B.2)

Then the spin matrix element takes the form⟨3𝐿𝐽2𝑚2 |𝜎| 3𝐿𝐽1𝑚1⟩= 1√2𝐽2 + 1 ⟨𝐽1𝑚1, 1𝑚2 − 𝑚1 | 𝐽2𝑚2⟩⋅ ⟨3𝐿𝐽2 ‖𝜎‖ 3𝐿𝐽1⟩ , 𝐿 = 𝑃, 𝐹. (B.3)
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The reduced matrix elements are given in (B.5), as well as the
full matrix element ⟨3𝑃𝐽2𝑚2 |𝜎|3𝑃𝐽1𝑚1⟩2 of the most important
component.

Equation (B.4).The same as in equation (A.1), the coefficients(𝐶ℓ,𝑗1 ,𝑚1,𝑗2 ,𝑚2)2 for ℓ = 2 are

((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((
(

|𝑖⟩ 𝑓⟩ℓ 𝑗1 𝑚1 𝑗2 𝑚2 𝐶2ℓ,𝑗1 ,𝑚1,𝑗2 ,𝑚22 32 −32 32 −12 6252 32 −32 52 −52 852 32 −32 52 −35 16252 32 −32 52 −12 4252 32 −12 32 12 8252 32 −12 52 −32 24252 12 −12 52 −12 24252 32 −12 52 12 12252 32 12 32 32 6252 32 12 52 −12 12252 32 12 52 12 24252 32 12 52 32 24252 32 32 52 12 4252 32 32 52 32 16252 32 32 52 52 852 52 −52 52 −32 252 52 −32 52 −12 16252 52 −12 52 12 18252 52 12 52 32 16252 52 32 52 52 25

))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
)

. (B.4)

Equation (B.5). The coefficients are ⟨3𝑃𝐽2‖𝜎‖3𝑃𝐽1⟩,⟨3𝐹𝐽2‖𝜎‖3𝐹𝐽1⟩, and ⟨3𝑃𝐽2𝑚2 |𝜎|3𝑃𝐽1𝑚1⟩2. For the notation see
text.

𝐽1 𝐽2 ⟨3𝑃𝐽2 ‖𝜎‖ 3𝑃𝐽1⟩0 1 √231 1 1√21 2 √562 2 √52𝐽1 𝐽2 ⟨3𝐹𝐽2 ‖𝜎‖ 3𝐹𝐽1⟩2 2 −√1032 3 2√533 3 √763 4 324 4 √152𝐽1 𝑚1 𝐽2 𝑚2 ⟨3𝑃𝐽2𝑚2 |𝜎|3 𝑃𝐽1𝑚1⟩20 0 1 𝑚2 291 −1 1 −1 161 −1 1 0 161 0 1 0 0
1 0 1 1 161 1 1 1 16

(B.5)
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