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Introduction

Solar neutrino problem:

e The Standard Solar Model (SSM) predicted a certain flux (rate) of neutrinos
arriving at the Earth.

@ This mismatch in flux could be because of higher mass neutrino is decaying
(gives bound on lifetime vo decay).

o However, neutrino decay could not explain it alone and flavor oscillations were
needed anyway. [Acker, Pakvasa, arXiv:hep-ph/9310207]
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Figure: The discrepancy between measured (blue) and predicted (not blue) amounts of
electron neutrinos from various experiments. [Bahcall, 2004].
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Atmospheric neutrino problem

Figure: Production of neutrinos by cosmic-ray interactions with the air nucleus in the
atmosphere.

o Theoretical models prediction: 7% =2: 1.
@ This ratio was found to be about half of what was expected.

e Neutrino decay is assumed to contribute in this solution (gives bound on v
decay) [P. Lipari, M. Lusignoli arXiv:hep-ph/9901350].
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Bounds available so far

e Bound on decay of first mass eigenstate:
T1/my = 4.1 x 1073 s/eV. arXiv:1411.0308

@ Bound on the decay of second mass eigenstate:
To/ma = 85 x 1077 s/eV.  arXiv:hep-ph/0204173

@ There are several studies which led to the constraint on the decay time of
third mass eigenstate.

o Here are the simulated bounds from several experiments:

Experiment 90% CL (30) bound on 73/m3 ESSnuB (360 km) 4.95(2.64) x 107
(s/eV)
JUNO 9.3(4.7) x 10711
DUNE - CC 450(2.38) x 1071
INO 151(0.566) x 10710
DUNE - (CC+NC) (5+5) 5.1(27) x 1011
¥ -10
DUNE - (CC+NC) (5+5) 5.77(3.17) x 10711 KASNeT-ORCA 25014 x 10
11
DUNE - (CC+NC) 106 x 10719(5.51 x 10°11) T2HK 443(2.72) x 10
545)+T2HKK (With
(G+51+ (With marg) T2HKK 101 x 10-19(4.36 x 10-1)
DUNE - (CC+NC) 1.1 x 10719(5.69 x 1071
(5+5)+T2HKK (W/O marg) T2HKK+ESSnuSB 1.064 x 1071°(5.53 x 10711)
ESSnuSB (540 km) 4.22(1.68) x 1071 T2K + NOvA 2.3(1.5) x 1071

Figure: Source: arXiv:2402.13235v1




Formalism

Types of neutrino decay:
@ Visible decay: active neutrino in final state.

o Invisible decay: sterile neutrino in final state.
vi v +J (1)
because of the term:
L= %[QSVWJ’J + igpVivsvid], (2)
Our study is focused on invisible decay of vs.
@ There exists a unitary relation that links the mass and flavor bases:
()= 9 (), ®

where U is the PMNS matrix, 8 =e,u, 7 and j = 1,2, 3.
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Formalism

@ The Hamiltonian:

Htot = U[Hvac + I{(Jlec]U]L + Hmat; (4)
1 0 0 0
H’Uac = 2__E1V 0 Am%l 0 (5)

0 0  Am3,

Assuming NH exists in nature:

0 0 0
A 2
Hyee = 27;;31 00 0 (6)
YN0 0 —iym
Hmat = Dlag (VCCa 0> 0) (7)

with v, = ﬁgl’f—; is a real quantity and Voo = v2G pne.
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Formalism

o Now the probability sum is:
Poe + Pop+ Par < 1 (8)

Apart from a changed oscillatory pattern, we could also have
missing neutrinos.

e We study the bound on the 73/mg parameter.

@ Our focus is on analyzing the effect of neutrino decay in long baseline
experiment: P2SO (Protvino to Super-Orca).

| Properties || P2S0O |
Baseline 2595 km
Energy Peak 4.9 GeV

Matter-density 2.95 g/cc
Run-Time (v : D) || 3:3 (years)

Table: Experimental characteristics of P2SO experiment
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Result




Probability
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Figure: Probabilities considering the cases of decay (3 x 107! s/eV) and no decay, in
P2S0O experiment.




Simulation Details

e Our results are statistically analyzed using the GLoBES x? function:

Nt
=23 [N - N - NP I (meeﬂ : (9)
i J

where j is the number of energy bins, N;h is the number of events in the test
spectrum and N Jt-r“e is the number of events in the true spectrum.

e For our analysis, we consider the true values of oscillation parameters from
NuFIT-5.3.

A =X — X (10)
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Events

Events:

500p PRPE— 1800¢ -
r —— Bep= , no decay| E —— Bcp=270°, no decay|
E —— bcp=270°, decay 1500:, — 6cp=270°, decay

3400; E

g | § 1200

33005 a8 £

H £ 900f

2 200F H :

‘I” E f 600F

;100? ; 300?
0:‘ voard Y EPRTN P PRURU FYRTY SO PR PP b 05‘ W NP SRR PN Pronl FRUTY PR PO i
01 2 3 456 7 8 910 012 3 456 7 8 910

Energy(GeV) Energy(GeV)

Figure: Event rates for v, appearance and v,, disappearance channels for P2SO experiment
with and without neutrino decay.
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conditions.

o Constraint on the decay lifetime of v3 state is presented as a bound on the
T3/ms parameter:
o Bounds obtained at 30 C.L.: 2.11 x 107! s/eV.
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Figure: Sensitivity bound plot for neutrino decay parameter with different marginalization




Bounds

Experiment | 73/mg at 30 C.L. [s/eV] Reference
MOMENT 1.6 x 10711 Tang, 2018
P2SO 2.11 x 1071 This work
DUNE 2.38 x 10711 Dey, 2024
ESSnuSB 2.64 x 10~ 11 Choubey, 2020
T2HK 2.72 x 10711 Chakraborty, 2020

Table: Projected 30 C.L. sensitivities of various experiments in constraining the 73/ms
parameter. The shaded row indicates the bound obtained in this work.
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Unknowns in Neutrino Sector

There are following unknowns in neutrino sector:
@ The exact value of the CP phase (écp).
@ The octant of the atmospheric angle (6a3).
@ The true ordering of neutrino masses.
@ The absolute scale of neutrino masses.

@ The nature of neutrinos: Dirac or Majorana.

First three unknowns can be determined by neutrino oscillation experiments.

El= wace




CP Violation (CPV) Sensitivity

CPV - sensitivity

— no decay
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Figure: Left panel: CPV sensitivities as a function of 75/mg for P2SO.
Right panel: Explanation for the behavior of CPV curve on Left.

as13 sin 2012 sin 2923 Sln(AmA) sin [(Am _ 2)A - (5CP] (Am 1 ,yr2n) e—2’ymA. (11)




Octant Sensitivity

Octant -
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Figure: Left panel: Appearance probability.
Right panel: Disappearance probability as a function of sin? 8,3 for various values of
73/mg, including the no decay scenario in black color.




Octant Sensitivity

3/mg3 [s/eV] Py Piest | Pir— Prest | X> = W
1.0 x 1073 || 0.3097 | 0.2552 |  0.0545 0.0095

6.0 x 10713 || 0.2194 | 0.1655 |  0.0539 0.0132
1.7x 1072 || 0.1015 | 0.0578 |  0.0437 0.0188

1.0 x 10~ || 0.0364 | 0.0137 0.0227 0.0142

2.0 x 10~ || 0.0307 | 0.0191 | 0.0116 0.0044

no decay 0.0253 | 0.0260 -0.0006 1.54 x 10~°

Table: Obtained values of v,-disappearance probabilities for P2SO experiment and
neutrino energy of 4.9 GeV at different values of 73/mg for true value of sin? fa3 = 0.448
and dcp = 270°.
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Conclusion

@ The oscillation probability and events decrease, as we introduce decay in the theory.

@ We derive the v3 decay parameter bounds in P2SO and checked the effect of decay on
the physics sensitivities.

@ The CPV sensitivity gets lower in presence of decay compared to no decay scenario.

@ Octant sensitivity increases up to 73/ms = 1.7 x 10712 s/eV, then decreases toward
the no-decay limit.
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SSM: describes the Sun’s structure and energy production,

o Interaction Lagrangian:

Lyc = _2\/§GFZ€(VO/YMLVQ)(7’7“PJC) (12)
Loe = =2V2Gr ) e(varuLis)(F/*Pf') (13)

Neutrino Source | Flux at Earth (cm~2s~!) | Energy Range

PP ~ 6 x 1019 up to 0.42 MeV

Be-7 ~ 5 x 10° 0.86 MeV (line)

B-8 ~ 5 x 106 up to 15 MeV

pep ~ 1.4 x 108 1.44 MeV (line)

CNO ~ 108 or less varies

Table: Predicted solar neutrino fluxes at Earth based on the Standard Solar Model.
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Reaction Max Neutrino Energy | Flux (approx.)
pp =~ d+et + v, 0.42 MeV dominant
Be+e” =" Li+uv, 0.86 MeV large

8B =8 Be* + et + v, up to ~15 MeV rare but high-energy

Table: Major neutrino-producing reactions in the Sun, with their maximum neutrino
energies and relative fluxes.

pep: p+e +p—d+re
CNO:
RCtp— BN4y
BN - BC+et +u,
13C+p—> 14N+")/
14N+p—> 15O+7
50 5 PN +et + 1,
N +p— 2C+*He
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Relative Neutrino Flux

~—— 6=003

Ep =12 GeV

20 /20




Figure: 4 is in radians

1+, “29mA | —dymA
P = 53453, A, = 1)2m+ " {1 —2cos [2(Ap, — 1)A]e™ 2 4= }
m

QaS13 sin 2912 sin 2(923 Sin(AmA)
(Am =12+ 77, Am
+sin [(Am — 2)A = dcp] (Am — 1 — 72, )e2mA

{(Am —1-— 77%1) sin(A;, A + dcp)
(14)

+ A Ym [cos(AmA + dcp) — cos [(Am — 2)A — 5CP]e—2fymA:| }’
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Figure 28. Feynman diagrams corresponding to the decay of a massive neutrino (1)

into a second, lighter neutrino species (1) together with a photon (). The process is
mediated by charged leptons (¢ ) and the W boson (W).
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