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Neutrino mass variables in three active and two sterile neutrino scenario
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The three-flavor framework of neutrino oscillations successfully explains most experimental results, but
persistent anomalies at short- and long-baseline experiments hint at the existence of additional light sterile
states. In particular, eV-scale sterile neutrinos are motivated by LSND and MiniBooNE results, while sub-eV
sterile states with mass-squared differences at the 1072 and 10~ eV? scales have been proposed to address
the T2K-NOvA tension and the absence of the expected upturn in the solar neutrino energy spectrum,
respectively. Such sterile states are singlets under the Standard Model gauge group and mix only through their
admixture with active neutrinos. In this work, we investigate the phenomenology of the 3 + 2 scenario,
incorporating one eV-scale sterile neutrino together with a sub-eV state, and analyze their impact on absolute-
mass related observables; the sum of neutrino masses X constrained by cosmology, the effective electron
neutrino mass m; from f decay, and the effective Majorana mass m; probed in neutrinoless double  decay.
We demonstrate that the presence of two sterile states can significantly modify the allowed parameter space
compared to the three-flavor and 3 4 1 frameworks, with some mass-ordering schemes already disfavored by
current cosmological and laboratory limits. Finally, we assess the implications of upcoming sensitivities from
KATRIN, Project 8, and LEGEND-1000, highlighting the complementary role of sub-eV sterile neutrinos in

probing physics beyond the minimal three-flavor paradigm.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has pro-
vided an extraordinarily successful description of funda-
mental particles and their interactions, confirmed by
precision measurements at colliders and fixed-target experi-
ments [1,2]. Nevertheless, the SM is incomplete; it offers no
viable dark matter candidate, does not explain the baryon
asymmetry of the Universe, and originally assumed neu-
trinos to be massless with independently conserved lepton
family numbers [3]. This paradigm was overturned by the
discovery of neutrino oscillations. Compelling evidence first
came from atmospheric neutrino observations at Super-
Kamiokande [4] and solar neutrino measurements at SNO
[5], subsequently confirmed by accelerator [6—9] and reactor
experiments [10—13]. These observations firmly established
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that the three active neutrinos mix via the PMNS matrix,
characterized by two independent mass-squared splittings
(Am%l, Am%l; Am?j = ml2 - mjz), three mixing angles
(612,013, 053), and one CP-violating phase (5¢p).

While the three-flavor framework accounts for the bulk
of oscillation data, several short-baseline anomalies remain
unresolved. The LSND experiment reported a o, excess in a
v, beam [14], later corroborated by MiniBooNE [15], while
Gallium source experiments (GALLEX [16], SAGE [17],
BEST [18]) observed deficits in v, event rates. These
anomalies can be addressed by introducing at least one
additional neutrino state at O(1) eV [19,20]. Since mea-
surements of the invisible Z-boson width at LEP constrain
the number of light active neutrinos to three [21], any
additional light neutrino state must be sterile, i.e., singlet
under the SM gauge group. This has motivated extensive
studies of scenarios containing three active and N sterile
neutrinos. The simplest realization is the 3 + 1 framework,
which introduces one additional sterile state associated with
an extra mass-squared splitting Am3, ~ O(1) eV2.

Early global fits showed that 3 + 1 models only partially
accommodate the LSND and MiniBooNE anomalies, suffering
from tensions between appearance and disappearance datasets
[22-24]. Extended 3 + 2 scenarios, which introduce a second
mass-squared splitting Am%1 and additional CP-violating
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phases, can improve the overall fit quality. Reanalyses incor-
porating NEOS [25], DANSS [26], and IceCube [27] data have
further shifted or excluded allowed sterile parameter regions
[28], and extensions involving nonstandard interactions or
nonunitary mixing broaden the landscape further [29-32].
Recent constraints come from ANTARES atmospheric neu-
trinos [33], KATRIN kinematic searches [34—37], and reactor
analyses [38,39], while the latest MicroBooNE results find no
evidence for 3 + 1 oscillations [40].

A persistent tension exists between eV-scale sterile
neutrinos favored by short-baseline data and cosmological
observations. Such states typically thermalize in the early
Universe, yielding N ~4, in conflict with CMB and
large-scale structure data [41,42]. However, these bounds
can be relaxed if sterile neutrinos are nonthermally pro-
duced through new sterile-sector interactions, modified
expansion histories, or low reheating temperatures [43,44],
allowing partial thermalization consistent with both labo-
ratory and cosmological constraints.

Neutrinoless double f decay (Ovpf) provides an inde-
pendent probe of sterile neutrino scenarios, since active-
sterile mixing induces additional contributions to the
effective Majorana mass. Bounds on the sin €4—mjghies
plane from GERDA and KamLLAND-Zen were derived in
Ref. [45], and updated analytical constraints in the
Am3,—sin? 20, plane using the latest KamLAND-Zen
data were obtained in Ref. [46], excluding substantial
parameter space favored by BEST and Neutrino-4. The
impact of a light sterile neutrino on the three neutrino mass
observables; the cosmological sum, the kinematic f-decay
mass, and the effective Majorana mass has been studied
within 3 + 1 and 3 4 2 frameworks in Refs. [37,47,48].

Extensions to sub-eV sterile neutrinos have also been
investigated. States with Am3, ~ (0.7 —2) x 107> eV? can
suppress the low-energy solar v, survival probability
[49,50], and including a very light sterile state can alleviate
|
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where ¢;; = cos 0;;, s;; = sin6;;, § is the Dirac CP phase,
and a,;, a3, are the Majorana phases.

B. The 3 +2 sterile neutrino framework

The 3 + 2 framework extends the three-neutrino para-
digm by introducing two additional sterile states, leading to
five mass eigenstates in total. The flavor eigenstates can be
written as

Vg = E Uaiy;nass7 a=e,U1,5,95, (2)
i=1
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the T2K-NOvA tension [51]. Implications for future detec-
tors have been studied for DUNE [52], Hyper-Kamiokande,
ESSvSB [53-56], and IceCube-Upgrade [53].

In this work, we investigate a 3 + 2 scenario containing
one eV-scale sterile neutrino, motivated by short-baseline
anomalies, and one sub-eV sterile state, motivated by long-
baseline and solar neutrino tensions. We focus on the
impact of these sterile states on the absolute neutrino mass
observables: the sum of neutrino masses from cosmology,
the effective electron neutrino mass in f decay, and the
effective Majorana mass in neutrinoless double f decay. We
classify the possible mass spectra into four distinct ordering
schemes, derive explicit expressions for these observables,
and delineate the viable parameter space using the latest
global oscillation fits, with implications for KATRIN,
Project 8, and LEGEND-1000.

The paper is organized as follows. In Sec. II we present
the 3 + 2 neutrino mixing framework. Section III classifies
the possible mass orderings. Section IV discusses con-
straints from cosmology,  decay, and neutrinoless double
f decay. Numerical results are given in Sec. V, and Sec. VI
summarizes our conclusions.

II. NEUTRINO MIXING FRAMEWORK

A. The standard three-neutrino paradigm

In the three-neutrino paradigm, the flavor eigenstates
Vg = (Ve v, v,)" are related to the mass eigenstates v;
(i =1, 2, 3) by a unitary mixing matrix, the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix such that
U, = Z?:l U™, The PMNS matrix can be parame-
trized in terms of three mixing angles (6,,, 613, 6,3), one
Dirac CP-violating phase 0, and, if neutrinos are Majorana
fermions, two additional phases (&, @3;) come into the
picture. Its standard parametrization of the 3 x 3 PMNS
matrix is given by

—is
syycpz | - diag(l, ef/2, elon/2), (1)

€23C13

[

where U is now a 5 x 5 unitary mixing matrix, and (s, s,)
denote the sterile flavors. The matrix Us,s can be para-
metrized as a sequence of complex rotations in the (i, )
planes, generalizing the standard PMNS structure [57] as

Usys = Rys5(045)R35(035, 835) Ras (025, 825)R15(015. 615)
X R34(034)R4(024, 824)R14(014.814) - Upnns.  (3)

where R;;(6;;.6;;) denotes a complex rotation in the (i, j)
plane by angle ¢;; and phase 6;;, and Upyns is the 5 x5
matrix where the standard PMNS is embedded into the upper-
left block and the lower-right block contains the extra 2 x 2
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Majorana phase matrix as

~ UPMNS 03><2 >
U = , 4
PHNS ( 03 Poo )

where P = diag(e’®1/2, ¢'%1/2). In total, the addition of two
sterile states introduces seven new mixing angles, five new
Dirac CP phases, and two Majorana phases. Explicitly, the
full 5 x 5 mixing matrix takes the schematic form as

Uel UeZ Ue3 Ue4 UeS

Uyl UﬂS

Usys=| Un Upn Uz Uy Us |, (5)
Usll Us12 U513 U514 Us15

Usz 1 Us22 USZ 3 U524 Us25

where the (3 x 3) block (U, = e, p,7,i = 1,2,3) corre-
sponds to the usual PMNS matrix. The entries (U, Uys)
with @ = e, p, 7 describe the active-sterile mixing elements
controlled by 6;, and 6;5. The (2 x 2) bottom-right block

(Uy,j»i=1,2,j=4,5) governs the mixing between sterile
states.
mg
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FIG. 1.

state and in the below the lightest state is a sterile state.

III. CLASSIFICATION OF MASS ORDERINGS IN
3+2 STERILE NEUTRINO FRAMEWORK

In the standard three-neutrino paradigm the oscillation
experiments are sensitive to the mixing angles and the two
independent mass-squared differences such as Am?, =
Am?, =m3 —m?, and Am2,, = Am3, = m3 — m2, where
¢ =1(2) for normal ordering (inverted ordering) of
neutrinos. In the normal ordering (NO), we have
m; < my < ms, with Am%1 > (0, whereas, in inverted
ordering (I0) it is m3 < m; < my, with Am3, <0. In
the same spirit, for the 3 4 2 sterile neutrino framework,
the presence of two sterile states gives rise to two new
mass-squared differences which is defined as

2 2

—Ap? — 2_ 2
Amg, = Ams, =ms5—my,

Am? =Am},=m}—m?,
(6)

where £ = 1(3) for NO (10) of active neutrino states. The
presence of extra sterile neutrinos allow us to define
different mass ordering schemes. There are four mass
orderings that are possible; SSN (sterile-sterile-normal
hierarchy), SSI (sterile-sterile-inverted hierarchy), SNS
(sterile-normal-sterile hierarchy), and the SIS (sterile-
inverted-sterile hierarchy) and shown in Fig. 1.
(1) SSN: In this scheme, ms > my > my > my, > m,
for (Am2, < AmZy,) and ms>my>my>my>m
for (Am?, > Am3,). The mass-squared difference
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Four mass spectra with three active and two sterile neutrinos. In the two cases above the lightest mass state is an active neutrino
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(ii)

(iif)

(iv)

of the heaviest neutrino mass state and the lightest
neutrino mass state is given by Am%lz
mZ —mj = 1.3 eV2. The mass-squared difference
of the second sterile neutrino mass state with the
lightest mass is varied as Amj =mj —mj =
(1074-1072) eV2. We can express the individual
masses in terms of the lightest mass m; and the
independent mass-squared differences as

my, = \/m% + Amfol, my = \/m% + Amgtm,
my = \/mi + Am?, ms = /m} + Am? . (7)

In Eq. (7), we have used the absolute values of
Am,., Am2,, Am?, and relative sign is taken care of
internally and this will also be followed for the other
mass orderings.

SSI: In this scheme, ms > my, > m; > my > mjy for
(Am?, < Amk,) and ms > my > my > m; > m;
for (Am?, > Am3,). The mass-squared difference
of the heaviest neutrino mass state and the lightest
neutrino mass state is given by Am3 = m3 —mj =
1.3 eV?2. The mass-squared difference of the second
sterile neutrino mass state with the lightest mass is
varied as Am2, = m3 —m3 = 107 or 1072 eV2. We
can express the individual masses in terms of the
lightest mass m5 and the independent mass-squared
differences as

m, = \/mg—}—Amﬁtm—Amfol, my =/ m3+Am?y,
my=+/mi+Am?, ms=\/m3+Am?. (8)

SNS: In this scheme, the lightest neutrino mass state
is the my sterile state, following the mass hierarchy
as ms > msz > my > my > my. We can express the
individual masses in terms of the lightest mass my,
and the independent mass-squared differences as

my=/mi+Am3, my= \/mﬁ+Am%2+Amfol,

my = \/mﬁ +AmZ + Am,,

ms= \/mi +AmZ +Am?, . 9)

SIS: In this scheme, the lightest neutrino mass state
is the my sterile state, following the mass hierarchy
as ms > my > my > my > my. The individual
masses are expressed in terms of the lightest mass
my and the independent mass-squared differences as

_ 2 2 2 2
m; = \/m4 + Amg, + Amg, — Amg,

m, = \/mﬁ—l-Ami +AmZy,,  my=1/mi+Am?,

m5:\/mi+Am§1 +Am?, . (10)

Here we have considered sterile inverted scenarios
only for Am? =0.01,10~* eV? and ignored the
inverted orderings for Am = 1.3 eV2 This is
because the inverted cases for the Am?l is already
ruled by the constraints on sum of neutrino masses,
effective electron mass from nuclear # decay and
effective Majorana mass from Ovpf [37].

IV. BOUNDS ON 3+2 STERILE NEUTRINO
SCENARIO

A. Sum of neutrino masses and cosmological constraints

One of the most direct probes of the absolute neutrino
mass scale arises from cosmological observations, which
are sensitive to the sum of all neutrino masses,

X = Zmi.
i

In the standard three-flavor case, the Planck 2018 data in
combination with BAO measurements impose an upper
bound of £ < 0.12 eV (95% CL), considering the standard
Acpm model [58]. However, in the 3 + 2 framework, we
have two additional mass eigenstates m, and ms which
enter the sum. If, the active-sterile mixing is large, sterile
neutrinos become fully thermalized in the early Universe,
following the same Fermi-Dirac distribution as active
flavors. As a result, they contribute equally to the effective
number of relativistic degrees of freedom, N, and to the
total mass sum which is enhanced relative to the three-
flavor case,

(11)

Z3+2:m1+m2+m3+m4+m5. (12)
However, precise measurement of cosmic microwave back-
ground (CMB) by the Planck Collaboration constrain the
Negr as [58]

N = 2997033 (95% CL) (13)
which ruled out the possibility of extra sterile states.
Moreover, for the eV scale sterile neutrinos, X > 1 eV,
far above the current cosmological upper limits.

This tension can only be alleviated if the sterile neutrinos
are not fully thermalized in the early Universe. Several
mechanisms can suppress their thermalization, including
low reheating temperatures, secret interactions in the sterile
sector namely, new gauge or scalar interactions [59-67]
among the sterile neutrinos themselves that redistribute

115050-4



NEUTRINO MASS VARIABLES IN THREE ACTIVE AND TWO ...

PHYS. REV. D 113, 115050 (2026)

their momenta and suppress free-streaming, thereby
relaxing the N and structure-formation constraints.

In such scenarios, the physical masses of the sterile
neutrinos do not directly contribute to the sum X. Instead,
their cosmological imprint is captured by an effective mass
parameter mS® = m AN [68], where AN denotes the
deviation of the effective number of neutrino species from
its Standard Model value, NS = 3.044 + 0.002 [69-71].
In this case, the sum of neutrino masses can be expressed as

32 = my 4 my + ms + ANgg(my + ms),  (14)
where AN = N — Ngy- Cosmology remains a crucial
test of the 3 4+ 2 hypothesis, as even partially populated
sterile states leave imprints on large-scale structure for-
mation, the cosmic microwave background anisotropies,
and the expansion history of the Universe.

B. Effective electron neutrino mass in § decay

Another important probe of the absolute neutrino mass
scale arises from precision measurements of the endpoint
spectrum in single f decay experiments, such as those
performed by KATRIN. Sterile neutrinos with active-sterile
mixing |U,;|* can affect the beta-decay spectrum through
two distinct signatures, depending on the sterile
mass m, relative to the experimental energy resolution
AE ~0.93 eV. For sterile masses significantly larger than
the experimental resolution, mg > AE, the sterile state
produces a kinklike feature in the spectrum at an energy
Q — m, below the endpoint, where Q = 18.574 keV is the
tritium beta-decay endpoint energy. The amplitude of this
kinklike feature is proportional to |U,;]|? and such a
resolved spectral distortion cannot be fully described by
the effective mass parameter my [72].
|

On the other hand, for sterile neutrino masses compa-
rable to or smaller than the experimental resolution,
my < AE, the kinklike structure is not fully resolved.
Instead, the sterile contribution appears as a smeared
distortion of the endpoint spectrum and is effectively
incorporated into the parameter,

mﬂ = A /Z|Uei 2m12,
i

where the sum runs over all neutrino mass eigenstates,
including the sterile ones. Since the eV-scale sterile state
considered in this work satisfies m; ~ O(1) eV, compa-
rable to the KATRIN resolution, its effect lies in the
transition region between these two regimes and is
expected to manifest primarily through a partially smeared
endpoint distortion that must be extracted through a differ-
ential spectral fit rather than a sharply resolved kink.
KATRIN has provided an exclusion contour on the Am3, —
sin?(20,,) plane using their latest data [72] and our
considered parameters are consistent with the KATRIN’s
allowed region.

In the standard three-flavor scenario, m; depends only on
the active neutrino parameters, and KATRIN currently
places an upper limit on my as

(15)

my < 0.45eV  (90% CL), (16)
which is already close to the sensitivity required to test the
quasi-degenerate regime of active neutrinos [73].

In the 3 +2 framework, the effective mass receives
additional contributions from the two sterile-dominated

states,

m2+2 = \/|Ue1|2m% + |Ue2|2m% + |Ue3|2m§ + |Ue4|2m421 + |U6’5|2m§'

In Table I, we have listed the experimental inputs
including the best-fit values and the corresponding 3¢
ranges of the three neutrino oscillation parameters for both
NO and IO. If the sterile neutrino mixings |U 4|?, |U,s|* are

(17)

|

not extremely suppressed, their contributions can signifi-
cantly enhance my relative to the three-flavor case. In the
3+ 1 framework, stringent constraints on active-sterile
mixing arise from the nonobservation of sterile neutrino

2

TABLE L. 36 ranges and best-fit values of the three neutrino oscillation parameters [76]. Here, Am2, = m3 — m? and Am?,, =
m% - m% for NO and m% - m% for 10. For sin? #;, we have used result from Ref. [77].

Normal ordering (NO)

Inverted ordering (10)

Parameters 30 range Best fit 30 range Best fit
sin 0, 0.289:0.335 0.309 0.289:0.335 0.309
sin? 63 0.0202:0.0239 0.0220 0.0202:0.0239 0.0220
Am?,; /1075 eV? 7.14:7.86 7.50 7.14:7.86 7.50
Am2,,/1073 eV? 2.428:2.597 2511 —2.581: —2.408 —2.498

115050-5
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TABLE II. Input parameter ranges for the 3 4+ 2 model used in
this analysis. The sin? 0;; (i = 1, j =4, 5) values are chosen to be
consistent with the upper limits obtained from the combined
MINOS, MINOS™', Daya Bay, and Bugey-3 analyses of
Refs. [74,75] performed in the 3 + 1 framework. As discussed
in the text, applying these 3 + 1 bounds independently to each
sterile mixing angle provides a conservative benchmark. In the
full 3 42 scenario, the disappearance probability depends on
both |U,4|* and |U,s|* together with interference effects involv-
ing the two oscillation frequencies, allowing parameter correla-
tions that can relax the individual mixing constraints relative to
the minimal 3 + 1 case.

Parameters Case 1 Case 2
Am%l 1.3 eV? 1.3 eV?
sin” 4,5 0.001:0.01 0.001:0.01
Amf2 1072 eV? 107 eV?
sin® 0,4 5% 107%: 5% 1073 0.1:0.2

oscillations in the MINOS and MINOS™ experiments. To
the best of our knowledge, a dedicated analysis of this data
in the 3 4 2 scenario is not currently available. We there-
fore adopt the mixing constraints from Ref. [74,75], which
performed a combined analysis of MINOS, MINOS™,
Daya Bay, and Bugey-3 data in the 3 4 1 scenario, and
apply them independently to each active-sterile mixing
angle; the resulting input ranges are summarized in
Table II.

In the 3+ 1 framework, the short-baseline electron-
neutrino disappearance probability approximately takes
the two-flavor form,

Am3, L
P(yeﬁye):1_4|Ue4|2(1_|Ue4|2)Sin2<%>’ (18)

so that the bound is primarily driven by a single active-
sterile mixing parameter. In the 3 + 2 scenario, however,
the disappearance probability depends simultaneously on
both |U,4)* and |U,s|?, together with additional interfer-
ence terms involving the two independent oscillation
frequencies. As a result, correlations among the sterile-
sector parameters can partially reduce the net disappear-
ance signal for fixed individual mixing angles [78,79].
Consequently, regions of parameter space with compara-
tively larger individual mixings may remain allowed in a
full 3 + 2 analysis relative to the minimal 3 + 1 framework.

By applying the 3 + 1 upper limits on |U,4|? and sin® 0,5
directly, we therefore adopt benchmark ranges that are
likely narrower than those obtained from a dedicated 3 + 2
global fit, rendering our approach conservative. The quan-
titative impact on my is moderate because the sterile

contribution enters as my « \/|U,;[*m,. Therefore, even

an order-unity relaxation of the mixing bounds would lead
only to a comparatively mild enhancement of the sterile

contribution to m;, remaining within the uncertainty ranges
shown in our numerical analysis. A dedicated global fit in
the full 3 4 2 framework would nevertheless be important
to quantify these effects more precisely and is left for
future work.

C. Effective Majorana mass in neutrinoless
double g decay

A unique probe of the Majorana nature of neutrinos and
of the lepton number violation is Ovfp. If observed, this
process would demonstrate that neutrinos are Majorana
fermions and provide insights into the absolute neutrino
mass scale and the underlying new physics mechanisms.
The Oufp is governed by mys which can be expressed for
the 3 + 2 scenario as

5
i=1

where m; are the neutrino mass eigenvalues, U,; are the

elements of the first row of the PMNS mixing matrix, and

a; denote the Majorana CP phases. We can also express

Eq. (19) in terms of neutrino masses and mixing angles as
_ 2.2 2 2 2.2 2 2 ia

Mpgp = CPpC13C4C M1 T S1pC13C14C 5Mpe ™!

+ s%3c%4c%5m3e"“31 + s%4c%5m4ei“41 + s%smSeiG’SI.

(20)

Here, a,;, @31, a4, and as; are independent Majorana
phases. The additional terms proportional to m, and m5 can
substantially modify the phenomenology of Ouvff. In
particular, if the sterile neutrinos have masses of the order
of eV (sub-eV) scale and mix appreciably with the electron
flavor, their contributions can enhance or suppress mgs
depending on the relative CP phases. This implies that the
standard lower bounds on m for inverted ordering may no
longer hold, and cancellations can occur in regions of
parameter space that would otherwise predict a signal
within the reach of upcoming experiments.

Most stringent upper limit on mg; is placed by the
KamLAND-Zen [80] experiments as

myy < (0.028 = 0.122) eV. (21)

The range in the mg; values are subject to the nuclear
matrix element uncertainties. In the presence of sterile

states, these bounds apply directly to m%}z thereby

constraining the active-sterile mixing parameters U 4, U5
and the sterile neutrino masses my, ms.

An important aspect of the 3 + 2 scenario is that the
additional sterile contributions can significantly modify the
structure of the effective Majorana mass parameter relative
to the standard three-neutrino framework. Depending on

115050-6
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TABLE III. Representative 3¢ ranges of the mixing matrix elements |U,;|> (i = 1-5) in the 3 + 2 sterile neutrino framework.
|Uat|* = chreisctacts [Uea|* = styetsctacis [Uas|* = styctycis |Uea® = st4cis Ues|* = s7s
Am? =107 Am?, =102 Am2, =107 Aml =102 Am} =10 Am2, =102 Am} =10  Am2, =107  Am? =13eV?
0.52:0.63 0.64:0.701 0.22:0.29 0.27:0.33 0.016:0.021  0.02:0.024  0.099:0.1997 (0.495:4.99) x 1073 0.001:0.01

the sterile masses, mixing angles, and CP phases, the active
and sterile contributions to mg; may interfere either
constructively or destructively, thereby altering the allowed
parameter regions associated with different neutrino mass
orderings. Consequently, the interpretation of neutrinoless
double f decay constraints can differ substantially from the
minimal three-flavor case. Future ton-scale experiments
such as LEGEND-1000, with sensitivity reaching the
O(1073) eV scale, will therefore provide complementary
probes of light sterile-neutrino scenarios. The quantitative
implications for the various mass-ordering schemes con-
sidered in this work are discussed in Sec. V.

V. RESULTS AND DISCUSSION

For our numerical analysis, we have used the input
parameters from Tables I-III. Entries in Table III denote the
30 ranges of the mixing matrix elements |U,;|* (i = 1-5) in
the 3 + 2 sterile neutrino framework. The active compo-
nents |U,,|?, |U,,|?, and |U,|* are obtained from global
oscillation fits, while the sterile admixtures |U,4|* and
|U,s|* correspond to benchmark values consistent with
MINOS, MINOS™, Daya Bay, and Bugey-3 constraints for
the indicated sterile mass-squared differences.

A. Cosmological constraints on the 3 +2 scenario

Cosmological observations provide some of the most
stringent bounds on light sterile neutrinos through their
impact on the sum of neutrino masses X and on the effective
number of relativistic species N. In this analysis, we have
considered the constraint obtained from the combined
analysis of Planck + BAO + Hubble parameter measure-
ment + Supernova la data, fitted with a ten-parameter
cosmological model (10-PCM) [75] i.e.,

ff
Acpm + Negr + ms + @y + Ry,
as

Ny =3.11103], ==0.16eV. (22)
Here w is the equation of state parameter of dark energy,
and n,, denotes the running of the scalar spectral index
which is related to the initial conditions of the Universe.

In Fig. 2, we present X3+ as a function of the lightest
neutrino mass for the different benchmark mass-splitting
schemes considered. The figure illustrates that the presence
of extra sterile states in some scenarios substantially

enhances the sum of neutrino masses compared to the
three-flavor case, highlighting the tension with the cosmol-
ogy in the 3 4 2 scenario. Our observations in Fig. 2 are as
follows:

(i) The SSN scenario is allowed by the 10-PCM
bound up to  Mygpeq ~0.016(0.013) eV for
Am? =10* (107%) eV2. On the other hand, the
SSI scenario is disfavored by the 10-PCM bound for
both mass-squared differences. This behavior is
expected because in the SSI scenario, for vanishing
lightest neutrino mass, one has m; = m, ~ 0.05 eV.
In addition, the effective sterile contribution to the
cosmological mass bound, AN ms [cf. Eq. (14)], is
approximately 0.08 eV, which already exceeds the
10-PCM limit even before including the contribution
from my.

(ii) The SNS scenario is disfavored for Am?, =10%eV?
however, it is allowed for Am2, = 107*eV?* up to
Miighest ~ 0.012 €V as far as the 10-PCM bound is
concerned. On the other hand, the SIS scenario is
completely disfavored by the 10-PCM bound like
the SSI scenario. The above results are summarized
in Table IV.

B. Implications for § decay in the 3 +2 scenario

In the 3 + 2 framework, mg receives additional contri-
butions from the two sterile states, in addition to the
standard three active neutrinos. In our numerical analysis,
we have varied all oscillation parameters within their
respective 3o allowed intervals as reported in Table III,
together with the benchmark sterile splittings Am%I =
1.3 eV? and Am?, = 1072,107* eV?, as well as the asso-
ciated active-sterile mixing angles.

TABLE IV. Summary of four mass spectra for two different
combinations of Am? and Am?, within the limit set by the
10-PCM model in cosmology. The limit corresponds to the value
of Myjgneq; UP to which the scenario is allowed.

Am3 =13 eV?

Mass ordering Am? =107 eV? Am? =107% eV?

SSN <0.016 <0.013

SSI Disallowed Disallowed
SNS <0.012 Disallowed
SIS Disallowed Disallowed
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FIG.2. Total effective mass X vs the lightest neutrino mass m1y;gp s in different scenarios: SSN (top-left), SSI (top-right), SNS (bottom-
left), and SIS (bottom-right). The red-slashed and cyan colors correspond to Am%2 = 1072 & 10~* eV?, respectively. The horizontal
black dashed line corresponds to the bound [Eq. (22)] from the 10 parameter cosmological (10-PCM) model.

Figure 3 shows the resulting predictions for my as a
function of the lightest neutrino mass for the mass-ordering
schemes considered in this study. Since the eV-scale sterile
state considered here lies close to the KATRIN energy
resolution, the treatment in terms of the effective mass
parameter my should be regarded as conservative, as a
dedicated kink analysis could in principle provide additional
sensitivity to the sterile contribution. The projected sensitivity
from KATRIN is taken to be 0.2 eV, while the anticipated
reach of the Project 8 experiment is my ~ 40 meV [81].

We observe that the presence of two sterile states can
shift the predicted my spectrum upwards compared to the
standard three-neutrino and 3 + 1 cases. Our main obser-
vations are as follows:

(i) In the SSN scenario, the behavior of my remains
similar over the entire range of Mygpey. This is
because the eV-scale sterile neutrino contribution
dominates for both mass-squared differences.

(i)

(iii)

115050-8

Consequently, m; can be approximated as, my~

\/U2sm? yielding values in the range ~0.03 to

0.13 eV, as illustrated in the upper-left panel of Fig. 3.
In the SSI scenario, the maximum value of my is also
dominated by the eV-scale sterile contribution. How-
ever, for the minimum value, the contribution from
the eV-scale sterile state becomes comparable to that
of the two active neutrino states (m; and m,). As a
result, the minimum value of my is slightly shifted
toward higher values compared to the SSN scenario.
For the SNS and SIS scenarios, the behavior of m
differs for the two choices of Ami. In these cases,
the relative ordering of the lightest neutrino mass
state (m,) and the active neutrino state (m;) depends
on the value of Am%z. Consequently, ms, which is
defined relative to m, occupies significantly differ-
ent mass scales for Am? = 1072 and 10~* eV?. This
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FIG. 3.
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The figure shows the variation of m as a function of the lightest neutrino mass for the 3 + 2 spectrum. The red-slashed and
cyan bands correspond to Am? = 107% and 10™* eV? mass square differences. The magenta (black) dashed line shows the projected
sensitivity of KATRIN (Project 8) experiment.

leads to larger values of my for Am3, = 1072 eV?

compared to 10~ eV2. Additionally, the similarity
in the my behavior between SSN and SNS, and
between SSI and SIS, indicates that the dominance
of the eV-scale sterile state is such that the normal or
inverted ordering of the other sterile state becomes
irrelevant in these scenarios.

Although the current bound (ms < 0.45 eV) and the
projected KATRIN sensitivity (m; < 0.2 eV) are com-
patible with all the mass-ordering schemes up to
Myghiest = 0.15 €V, several of these scenarios are ex-
pected to be probed significantly by the projected
sensitivity of the Project 8 experiment. In particular,
the anticipated reach of Project 8 in m; would allow
substantial regions of the corresponding parameter
space to be tested.

From Fig. 3, the importance of the Project 8 experi-
ment becomes evident. The projected sensitivity of
Project 8 is sufficient to exclude the SSI and SIS

scenarios entirely. Furthermore, it can exclude the
SN scenario for Am?, = 1072 eV, while probing a
substantial portion of the parameter space of the
SSN and SNS scenarios for Am2, = 107* eV2.

C. Implications for neutrinoless double # decay in the
3 +2 scenario

Neutrinoless double f decay not only probes the
Majorana nature of the neutrinos but is also sensitive to
the absolute neutrino mass scale unlike the cosmological
observations and tritium £ decay, which are only sensitive
to the absolute neutrino mass scale. As discussed in
Sec. IV C, Oypp put a constraint on the half-life of the
decaying isotope. This eventually provides information
about the effective mass mgyg. Recall that the explicit
expression for effective Majorana mass governing Ovff
for three flavor scenario is given by [putting 8,4, = 0,5 =0
in Eq. (20)]

115050-9
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std 2 2 2 2 Lia 2 Lo
myy = |mciycty + mystyce® + mysize ™|, (23)
where a,; and a3, are the Majorana phases. Its behavior
crucially depends on the neutrino mass ordering. In the case

2 2
of NO (m; < my < mg3), for myjgpeq << \/ Amgy, \/ Ay,

the masses satisfy m, ~ Amgol:0.0l eV and

my =~/ AmZ,, ~0.05 eV. The effective mass can then
be approximated as mpyg ~msci;|\/rsi e’ 4 1ize™ ],
where r = Am?/Am?,,. A complete cancellation between
the two terms would require +/7s}, = 35, which is not
realized for current best-fit parameters (/7s3, =~ 0.05,
13 2 0.02). Consequently, mji™ typically lies in the
range (1-4) x 107 eV. Nevertheless, a narrow cancella-
tion region exists around Mygpes ~ (2-7) X 1073 eV,
where destructive interference among the three contribu-
tions can suppresses the effective mass down to ~107% eV
for specific choices of the Majorana phases
(an1 = az; = m). In contrast, for 10 (m3 < m; < m,), with
msy~0 and m; ~m, ~+/Aml,, ~0.05 eV, the effective
mass reduces to myi~'0 ~ \/Amd,cls|ct, + sTre .
Since the two dominant terms cannot fully cancel, m}}Oﬁ
is bounded within 0.02 eV < my3 < 0.05 eV, depending
on the Majorana phases oy 3.

In the following sections, we discuss the implications for
Ovpp in the extended 3 + 2 model under the four distinct
scenarios; SSN, SSI, SNS, and SIS.

1. SSN

In the (3 4 2) framework, the effective Majorana mass
governing Oypf can be expressed as

mpsN = ciycis|mig N - myet™ + fismse’i|,  (24)
where m3i!™NO represents the effective Majorana mass in
the standard three-flavor framework with NO, and the last
two terms denote additional contributions from the sterile
mass eigenstates m, and ms. Here ¢;; = tan 0;; and ay,, as;
are the additional Majorana-type CP phases associated
with the sterile neutrinos. The overall factor ¢3,c?; arises
from the extended PMNS matrix normalization.

The individual contributions to Eq. (24) for various
representative values of the lightest neutrino mass

Mijjghiest = My are summarized in Table V. These ranges
are computed by varying the oscillation parameters over
their 3¢ limits (see Tables I-III). The maximum (minimum)

values of mggN correspond to the constructive (destructive)

interference among the three terms in Eq. (24), which occur
for as; = a4; =0 (as; = a4; = ). The variation of mgy
for SSN scenario is shown in the left panel of Fig. 4. The
qualitative behavior across various regions of m; can be
summarized as follows:

(i) When m; = 0, the active-sector contribution mljﬁ() is
typically at the level of (1.2—4.1) x 1073 eV, whereas
the eV-scale sterile term |r3sms| lies in the range
(1.14-11.52) x 103 eV and can  dominate
over the other sterile contribution. The lighter sterile
term |r3,my| is sub leading, especially when
Am? = 1072 eV?, where itreaches only O(107°) eV
and for Amg, = 10~* eV?, it varies as (1-2) x 1072
As a result, complete cancellation of m/S;/S,N can occur
when the relative phase as; is close to 7 and the active-
sterile mixing #2 is chosen near its lower bound. In this
case, the maximum value of mpN can go up to
0.017 eV for a5, = 0.

(i) For the intermediate region (m; ~ \/Amfol), the
active contribution can be as high as O(1072) eV,
becoming comparable to the eV scale
sterile-induced terms. For Am3 = 1072 eV?, the
my contribution (|£3,my| ~1075-10"* eV) remains
subdominant, and the interference pattern is largely

dictated by the interplay between mi~N° and

|fsms|. In contrast, for Am3 = 107* eV? where
|£3,my] can reach (1.3-2.7) x 1073 eV, the |#,my]
term becomes comparable to the active contribution.
In this case, we can have substantial destructive
interference among the three terms in Eq. (24),

allowing myN to be suppressed down to a

few 10~ eV.
(iii) For quasidegenerate region (m; = 0.1 eV), the ac-
tive component dominates the sum, yielding

mpyd N0 > (2.97-10.04) x 107 eV.  The sterile

terms, contributing at the ~(1073-1072) eV level, act
as small perturbations to the active amplitude. How-
ever, in case of Am?, = 10~* eV, the cancellation

TABLE V. Representative numerical ranges for m/S;EN in the active-sector and sterile contributions in the 3 + 2 SSN scenario.
|2,m4] (eV) |i3sms| (eV)
Region m3NO (eV) (Am?, =107 eV?) (Am?, = 1072 eV?) (Am? =13 eV?)
m; ~0 (1.2:4.1) x 1073 (1.00:2.02) x 1073 (0.5:5.05) x 107* (1.14:11.52) x 1073
my &/ Am? (0.45:10.86) x 1073 (1.324:2.672) x 1073 (0.5:5.07) x 107* (1.14:11.52) x 1073
m; ~ 0.1 eV (2.97:10.04) x 1072 (1.01:2.03) x 1072 (0.71:7.14) x 107 (0.115:1.156) x 1072
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FIG. 4. Variation of mg as a function of the light neutrino mass is shown for SSN (left panel) and SSI (right panel) scenarios. The
black diagonal and vertical cross-filled regions denote variation in the standard NO and IO cases. The cyan and red-slashed band

represents the values for Am3, = 10~* eV? and Am3, = 1072

eV?2. Additionally, the gray band represents the current KamLAND-Zen

exclusion region and the black dashed-dot line shows the future LEGEND-1000 sensitivity.

can be possible between mpyf—NO and the sterile
contributions for maximum values of sterile
Std—NO

even
around 0.1 eV. The required phase alignment
in this case will be a4 ~as; ~z. Beyond
Miighiest ~ 0.2 €V, the overall mpN is dominated
by active neutrino contribution, with mild distortions
depending on sterile contributions.

contribution and minimum values of Mg

2. SSI
In the SSI scenario, the lightest active mass m5 lies below
the active and sterile states. The effective Majorana mass
governing Ovff can be expressed as

SW-I0 | 2 o i 2 i
mgst = ciycts|mpg=C + fymyet™ + figmse'™ |, (25)

Std-10

where my;~ represents the effective Majorana mass in the

standard three-flavor framework with IO, and the last two
terms denote additional sterile mass eigenstates n, and ms.
Upon considering the active-sterile mixing parameters from
Tables I-III, the individual contributions to Eq. (25) for

various representative values of the lightest neutrino
mass Mijgpee = M3 are summarized in Table VI As
mentioned, these ranges are computed by varying the
oscillation parameters over their 3¢ limits and the maxi-
mum (minimum) values of mp3' correspond to the con-
structive (destructive) 1nterference among the three terms in
Eq. (25), which occur for as; = a4 = 0 (o517 = g = 7).
The right panel of Fig. 4 shown the behavior of mp3! as a
function of the lightest neutrino state. The qualltative
behavior across various regions of m3 can be summarized
as follows:

(i) For (m3 ~ 0), m3#~10 lies in the range (1.53-4.92) x
1072 eV while the light sterile contribution |#2,m|
for Am? =107%(1072)eV?> is approximately
~1073(1073) eV which is small. In addition,
other sterile contribution |fsms| varies from
(0.11-1.15) x 1072. Therefore, the sterile contribu-
tions are not sufficient to completely cancel the
standard contribution but it can reduce it up to one
order of magnitude making the lowest value
of mfs,gl ~ 1073

TABLE VI. Representative numerical ranges for m/s};1 in the active-sector and sterile contributions in the 3 + 2 SSI scenario.
[ama| (V) |tisms| (V)
Region myt=10 (eV) (Am3, = 107* eV?) (Am3, = 1072 eV?) (Am3 =13 eV?)
m3 =0 (1.53:4.92) x 1072 (0.11:0.25) x 1072 (0.5:5.0) x 1073 (0.11:1.15) x 1072
msy &/ Am2 (1.545:5.013) x 1072 (0.13:0.27) x 1072 (0.5:5.07) x 107* (0.114:1.152) x 1072
m3 ~0.05 eV (2.11:7.05) x 1072 (0.57:1.27) x 1072 (0.56:5.6) x 107* (0.114:1.152) x 1072
m3 ~0.2 eV (6.17:20.61) x 1072 (2.22:5.00) x 1072 (0.11:1.12) x 1073 (0.115:1.156) x 1072
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TABLE VII. Representative numerical ranges for m,%}}]s in the active-sector and sterile contributions in the 3 + 2 SNS scenario.
m}}’/? V) |3,my] (eV) |2sms| (eV)

Region Am%2 =10"* eV? Am%2 =102 eV? Am?2 =10 eV? Am%2 =102 eV? (Am%l =13eV?)

my =0 (0.097:1.21) x 1072 (2.95:10.04) x 1072 0.0 0.0 (0.11:1.15) x 1072

my~0.1eV  (296:10.09) x 1072 (4.22:14.17) x 102 (1.11:2.50) x 1072 (0.5:5.0) x 10 (0.11:1.16) x 1072
my~03eV  (895:30.03) x 1072 (9.40:31.64) x 1072 (3.33:7.50) x 102 (0.15:1.5) x 10> (0.12:1.19) x 1072

(i) For the intermediate region (m3=~\/Am2;)  expression of effective Majorana mass becomes

mys~0 & (1.54-5.01) x 1072 eV. The light sterile

contribution ~ with  Am? = 10"* eV?  slightly mpnS = ctycls|myd + fymye s + imse’™ |, (26)
increases to |r3,my| ~ (0.13-0.27) x 1072 eV as
my becomes marginally larger. The heavier sterile
term  |f}sms| remains nearly constant at
(0.11 = 1.15 x 1072) eV. Overall, the sterile contri-
bution for Am?, = 10~ eV? is getting larger in this
regime but still falls below the active neutrino
contribution and hence there is no complete can-

where mjy is defined in Eq. (23) except in this case the
lightest neutrino mass is my4 unlike the standard NO
scenario. Because of two different Amg2 values, the active
neutrino mass scales is different for the two cases and
hence, the values of mlﬁ\IﬁO is different. All the relevant

. _ . . numerical quantities to estimate Eq. (26) are given in
cellation. For Am, = 1072 eV?, the active contri- Table VIL "(ll"he left panel of Fig. 5 s(1110\§/s t)he Vargigation of

bution is always dominant over the sterile SNS function of the lishtest o stat P
contributions, and the domination of active neutrinos My~ as a tunction of the lightest neutrino state, . From

increases as the values of the lightest neutrino mass ~ the figure, it is %ndergtood that: . ] o
: 2 _ 102 eV2 i) For m4 =~ 0 region, one sterile neutrino contribution
increase. Hence, for Amg, = 107 eV~, the cancel- (@) 4 g

2 . .
lation is not possible for the entire range of the |14y is approximately zero and the nature of my,
lightest neutrino mass. depends on the interplay of the active neutrino and

(iii) For 0.01 eV < mj < 0.1 eV region, it is seen that the other sterile neutrino contribution. It is clearly
for Am2 — 10~* eV2. the sterile neutrino contribu- evident from Table VII that a complete cancellation
S >

- NO 2
tions can destructively interfere with the standard-IO can be possible between my;’ and |[tjsms| for

contribution. Therefore, the total contribution can lie Amg, = 107* eV It is also seen from the Fig. 4,
well-below 107 eV. that for Am?, = 107* eV?, the cancellation region
(iv) For the quasidegenerate region (ms; = 0.2 eV), the extends up to Myjgnes ~ 0.1 €V because up to this
active neutrino contributions dominate over the point the total sterile contribution are of similar order
sterile contributions for both values of Amj3, and to the minimum value of m/I;I/?' Therefore, for very
thus complete cancellation does not occur in this finely tuned parameters the cancellation occurs.
region. However, for Am?, = 10~* eV?, the partial However, for Am?, = 1072 ¢V2m}9 dominates over

cancellation between the active and sterile contri- the sterile contribution due to the large splitting

butions for suitable Majorana phases relaxes the between m, and m,. This spoils the cancellation

limit on the lightest neutrino mass to Myjgpies; < condition and mSNS  can  va between
. BB ry

0.6 eV as compared to the standard IO scenario,

. . (1.79-11.20) x 1072 eV, some part of which is
Miighest < 0.3 eV. Consequently, this quasidegener- disfavored from the current KamLAND-Zen bound
ate regime may yield mygpey Vvalues exceeding

- ) : ) . depending on the NMEs. Therefore, future ton-scale
0.1 eV, potentially in serious tension with the experiments like LEGEND-1000 can completely

cosmological bounds (3_m, < 0.16 eV). However, probe this scenario for Am2 = 1072 eV2. It is also
in some exotic cosmological models [82,83], the R

bounds on ) m, can be significantly relaxed and in
this scenarios Oyff can provide stringent limit on
lightest neutrino mass.

seen that for Am? = 1072 eV?, the active neutrino
contribution always dominates over the total sterile
contribution and its get bigger for large myjgpies
values. Therefore, the cancellation remains impos-
sible for Am3, = 1072 eVZ

3. SNS (i) For Am2 =107* eV2, beyond mygyey = 02 eV,

In SNS scenario, one sterile state (1) is lighter than the the total sterile contribution falls short to the total
other active and sterile states. In particular SNS follows the active neutrino contributions and complete cancel-
mass ordering as ms > ms > m, > m; > my. The relevant lation is not possible. In addition, the active
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FIG. 5.
of the descriptions are the same as Fig. 5.

contribution become proportional to the mj;gpes and
therefore, the minimum and maximum values be-
comes proportional to myignes Which is clearly seen
in the Fig. 5.

4. SIS

In the SIS scheme, the mass ordering of the neutrinos
follows as my < m3 <m; < my < ms. The effective

Majorana mass can be written as
m = clycis(m + fymae™ + fismse’®),  (27)
where mj = ciyciymy + s7,c1ym, + siyms. The values
are different from the standard 1O case because here mi;
is not the lightest mass in SIS scenario, instead it is defined

asmsy = . In the right panel of Fig. 5, we have

shown the variation of mZ},S

\/m3 + Am?,
as a function of the lightest
neutrino mass state (m,). The relevant features of the figure
is discussed as follows:

(i) For myjghes(m4) = 0, the light sterile contribution is
completely negligible since |2,m4| ~ 0 independent
of the value of Amfz, as is also evident from
Table VIII. Consequently, the effective Majorana

1 T T vuvl T vvvvnl
< Ami=107eV?
AmZ=10*eV?

R S tatatatates,

1074 b
107

Ll
107
mlightest [eV]

| A
10

Variation of m; as a function of the light neutrino mass is shown for SNS (left panel) and SIS (right panel) scenarios. The rest

SIS
mass mﬂﬁ

is governed by the interplay between the
active neutrino sector and the heavy sterile state ms.
For Am2, = 10™* eV?, the active contribution lies in
the range my) ~ (1.55-5.04) x 107> eV, while the

heavy sterile term |r{sms| is smaller, (0.11-1.15)x
1072 eV. Although the active term dominates,
the hierarchy between the two contributions
is mild enough that partial cancellations may occur
for specific choices of CP phases, leading to a

moderate reduction of m/S,/I,S In contrast, for

Am? = 1072 eV?, the active contribution increases
to (3.3-11.17) x 1072 eV, whereas the sterile con-
tribution remains unchanged. The resulting hier-
archy is significantly larger, making any
substantial cancellation practically impossible. As
my departs from zero, the active contribution further
increases, and the disparity between active and
sterile terms grows, rendering complete cancellation
increasingly difficult, as reflected in Table VIII.

For my =~ 0.05 eV, the light sterile state contributes
nontrivially to the Ovff amplitude, particularly for
Am3, = 107* eV2. For sizable mixing, sin’@,~
0(0.1), one finds |£3,my|=~(0.56-1.25)x 1072 eV,

(i)

TABLE VIII. Representative numerical ranges for m/S,/l;S in the active-sector and sterile contributions in the 3 4 2 SIS scenario.
mlﬂ% eV) |3,my] (eV) |2sms| (eV)
Region Am? =107* eV? Am? =107% eV? Am? =107* eV? Am? =107% eV? (Am? =13 eV?)
my ~0 (1.55:5.04) x 1072 (3.3:11.17) x 1072 0 0 (0.11:1.15) x 1072
my~005eV  (2.14:7.12) x 1072 (3.65:12.24) x 1072 (0.56:1.25) x 1072 (0.25:2.5) x 107 (0.11:1.15) x 1072
my ~02 eV (6.17:20.63) x 1072 (6.85:22.91) x 1072 (2.22:5.0) x 1072 (0.1:1.0) x 1073 (0.12:1.17) x 1072
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TABLE IX. The table summarizes the effect of different neutrino mass spectra on the effective Majorana mass in the 3 4 2 scenario.

Remarks

Spectra Region (D) Am? =107* eV? () Am? = 1072 eV?

SSN Myighest = [0,0.01] eV Complete cancellation can occur between total active Same as (I)
and total sterile contributions depending
on the Majorana phases.

Myjghest = 0.1 eV Complete cancellation is still viable The active neutrino contributions dominate
over sterile contributions.
Mijghtest = 0.1 €V The active neutrino contributions Same as (I)

dominate over sterile contributions.

SSI Mijghtest & [0,0.01] eV The sterile contributions are not sufficient to Same as (I)
completely cancel the active neutrino contribution,
but can reduce up to one order of magnitude
0.01 eV < myjghiest $ 0.1 €V Complete cancellation occur between sterile Active neutrino contributions still dominate

and active neutrino contribution over the sterile contributions.
Mijghiest = 0.2 €V Active neutrino contributions dominate Same as (I)
over the sterile contributions.
SNS Mijghtest & [0,0.1] eV Complete cancellation is possible between Complete cancellation is not possible. The
sterile and active contribution active neutrino contribution dominates.
Mijghtest 2 0.2 €V Complete cancellation is not possible. Same as (I)
The active neutrino contribution dominates.
SIS Miigheest & [0, 0.02] eV The active contributions dominate Same as (I)
the effective Majorana mass
0.02 eV < myjghiest < 0.1 €V The maximum contribution of the sterile The active neutrino dominates
neutrinos can be comparable to the minimum over sterile contributions.

value of the active contributions.
Therefore, complete cancellation is possible for
specific fine-tuned parameters.
Mijghtest = 0.1 €V The active neutrino contribution Same as (I)
becomes dominant again

which is comparable to the heavy sterile contribution become ineffective in this regime. We summarize the
and to the lower end of the active neutrino con- whole discussions pertaining to the implications for
tribution, my) ~ (2.14-7.12) x 107 eV. As aresult, neutrinoless double 8 decay in the 3 + 2 scenario in
the combined sterile contribution can effectively Table IX.
compete with the active sector, allowing for can-
cellations for suitable values of Majorana phases. VI. SUMMARY AND CONCLUSION

SIS

This leads to a substantial suppression of g, ) )
In this work, we have performed a comprehensive study

of the neutrino mass observables in the three active and two
sterile neutrino framework. In our analysis we have
considered one eV-scale sterile state motivated by short-
baseline anomalies and one sub-eV sterile state inspired by
T2K-NOvA tensions and the solar neutrino upturn prob-
lem. Our primary goal is to assess the impact of the
additional sterile states on the cosmological sum of
neutrino masses (X), the effective electron neutrino mass

consistent with the very small values observed in
Fig. 5. For Am? = 1072 eV2, however, the light
sterile  contribution is  strongly  suppressed,
|3,my] ~107* eV, and becomes negligible com-
pared to both the active and heavy sterile terms.
In this case, there is no cancellation.

(iii) For (m; 2 0.2 eV) region, the active neutrino
contribution becomes dominant, with mj) rising

to (6-23) x 107 eV, as shown in Table VIIL (mg) measured in beta-decay experiments, and the effective
Althouglzl the hggt stel;ﬂe .contrlbu.tlon also 1ncr.eases Majorana mass (mg;) probed in neutrinoless double
for Amg, = 107" eV, it remains subdominant, B decay.

while for Am? = 1072 eV? it is highly suppressed. The 3 + 2 neutrino spectra can be classified into four

Consequently, mg}gs scales approximately linearly distinct mass-ordering schemes—SSN, SSI, SNS, and SIS

with mjigpeq» and the sterile-induced cancellations (see Fig. 1)—according to the relative positioning of the
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active and sterile mass eigenstates. For each ordering, we
derived the relevant expressions for X, mg, and my; and
carried out a detailed numerical analysis using the latest
global oscillation data, varying all parameters within their
30 ranges and the Majorana phases between 0 to 7.
Benchmark sterile mass splittings of Amj = 1.3 eV?
and Am?, = 1072,107* eV? were adopted to capture both
eV-scale and sub-eV sterile neutrino effects.

Cosmological  observations  impose  particularly
strong constraints on the 3+ 2 scenario through the
combined bounds on N, and X. Employing the ten-
parameter cosmological model (10-PCM) fit, which yields
N = 3.11703] and an upper limit X < 0.16 eV, we find
that the additional sterile states generically enhance X3*2
relative to the standard three-flavor expectation, leading to
significant tension with precision cosmology. Among the
considered spectra, only the SSN ordering remains com-
patible with the 10-PCM bound for very small values of the
lightest neutrino mass, while the SSI and SIS scenarios are
entirely excluded. The SNS scenario is viable only for
Am? = 107* eV? and extremely small values of the mass
of the lightest neutrino, and is fully ruled out for
Am3, = 1072 eV2. These results demonstrate that current
cosmological data already exclude large portions of the
3 + 2 parameter space considered in this work.

For the effective electron neutrino mass (1m;), the presence
of two sterile states leads to a systematic upward shift of the
values of mg, driven primarily by the eV-scale sterile
contribution. In the SSN and SSI scenarios, my typically
lies in the range 0.03-0.13 eV with only mild dependence on
the lightest active neutrino mass, while in the SNS and SIS
orderings its behavior becomes more sensitive to the sub-eV
sterile mass splitting Am%z. Although current bound and
future sensitivities for KATRIN remain compatible with
most of the allowed parameter space, the targeted reach of
the Project 8 experiment can exclude the SSI and SIS
scenarios entirely, while the SNS ordering can be ruled out
for Am?, = 1072 eV2. This can also probe a substantial
fraction of the SSN and SNS parameter space.

Sterile neutrinos can also leave a substantial imprint on
neutrinoless double $ decay through additional contribu-
tions to the decay amplitude and additional Majorana
phases. We find that in the SSN and SNS scenarios,

destructive interference between active and sterile contri-
butions can suppress mg; down to O(107*) eV for suitable
values of the Majorana phases. It is also seen that in the
SSN scenario for Am? =107* eV?, the cancellation
region becomes more extended as compared to the
Am?, = 1072 eV2. For the SSI case partial cancellations
can significantly relax the lower bound on mg; compared to
the standard inverted ordering. In contrast, the SIS scenario
permits substantial suppression only in a narrow region of
parameter space, with the quasidegenerate regime remain-
ing largely dominated by the active sector. Such lower
values for the inverted schemes enable the next-generation
ton-scale neutrinoless double f decay experiments to test
sterile-induced cancellations.

In conclusion, the 3 + 2 sterile neutrino framework
offers a rich and highly constrained phenomenology, with
strong and complementary sensitivities across cosmology,
p decay, and neutrinoless double # decay. While precision
cosmological measurements already exclude significant
regions of the parameter space, upcoming data from
KATRIN, Project 8, and LEGEND-1000 will provide
decisive tests of the remaining viable scenarios, potentially
shedding light on the existence, mass ordering, and mixing
structure of light sterile neutrinos.
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