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Abstract

In the field of neutrino physics there are several indications of phenomena beyond the Standard
Model such as neutrino decay. If the heavier neutrinos decay into the lighter ones, neutrino
decay could uniquely influence the relative flavor composition of the flux of high-energy neu-
trinos, especially if the coupling (g;;) between the decaying neutrino and the daughter particle
is large. Because high-energy astrophysical neutrinos (TeV-PeV energies) travel cosmological
distances, they are an excellent source for examining decay. Using recent measurements of the
flavor composition from IceCube, we place new limits on the coupling between the neutrino
states. To do so, we employ a model of visible neutrino decay where the daughter particles
contribute to the detected neutrino flux. With this we carry out a large parameter scan and
compute a substantial data set of the theoretical flavor compositions at Earth with decay.
With a Bayesian approach, including the likelihood functions from IceCube, we find the upper
limit of the couplings as: log gy < —0.27, loggs; < —7.06, and log gss < —7.05. Based on
the estimated flavor sensitivity of current and upcoming neutrino telescopes, we forecast the
constraints of neutrino decay that they will be able to place. We placed a new lower limit of
the lifetime of the neutrino mass eigenstate v3 which is considerably better than previous ones,
while the lower limit found on the lifetime on v is significantly weaker.

The source code for the visible decay model from Ref. [1], used in the project can be found
at https://github.com/PeterDenton/Astro-Nu-Decay. The extended code for this specific
project is provided at https://github.com/JonnaBaltazar/Bachelor-Projectl
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1 Introduction

Neutrinos are among the most abundant elementary particles in the Universe, but several of their prop-
erties are still unknown. In the Standard Model, neutrinos were constructed as massless and stable.
However, later experiments have revealed that they undergo flavor oscillations, and a striking conse-
quence of this behavior is that neutrinos have mass. Today, we know that each of the three neutrino
flavors (ve, vmu, viau) is a superposition of three mass eigenstates (v, va, v3) [2] [3].

Neutrino decay is a proposed mechanism in which the heaviest neutrino states may decay into the light-
est ones or new particles entirely. Within the Standard Model, neutrinos can decay, but the associated
lifetime is at least 10*3s, which is orders of magnitude longer than the age of the Universe [4][5][6].
However, several theories postulate the decay of neutrinos into new particles. If the coupling between
neutrinos and the daughter particle is strong, neutrino decay could occur at a higher rate than in the
Standard Model. The decay would modify the flavor composition — i.e., the relative abundance of
neutrinos of each flavor — of neutrinos observed at Earth and possibly yield detectable evidence [3].
Several experiments have searched for the effects of neutrino decay, using primarily reactor, solar, and
atmospheric neutrinos. The impact of the decay is so minuscule that the neutrinos require a long
baseline, such that the effects accumulate along the way to have a noticeable influence on the final
composition. Thereby, high-energy astrophysical neutrinos, with sources possibly located outside our
galaxy traveling cosmological-scale distances, are great candidates to probe these tiny effects. The
IceCube Neutrino Observatory regularly detects these high-energy astrophysical neutrinos (in the TeV
- PeV range) and has recently identified events stemming from v, [7]. The measurement of the fla-
vor composition can be utilized to study physics outside of the Standard Model, and if IceCube does
not find evidence of decay, the composition can be exploited to constrain the neutrino lifetime [8] [9] [10].

This project aims at improving our understanding of the properties of neutrino decay and to constrain
the lifetimes of the neutrino mass eigenstates. We adopt the general decay framework from Ref. [1],
where the daughter neutrinos in the decay are visible, i.e., they contribute to the detected neutrino flux.
This is a model-independent approach where the identity of the new particle is unspecified, other than
being a massive scalar (i.e., spin-0) boson.

We utilize the visible-decay model to compute the final flavor compositions at Earth and analyze the
effect of varying the decay parameters. Afterward, we perform a large parameter scan to obtain a
substantial data set of theoretical final flavor composition. This is superimposed with the likelihood
functions of flavor composition from IceCube [11], where the parameters of the decay are kept free.
Through a Bayesian approach, we provide a new upper limit on the lifetimes of neutrinos.

Throughout, we assume normal neutrino mass ordering (i.e., m,, < m,, < m,,); an extension to inverted

ordering is possible, but beyond the scope of this work. Besides we use natural units; h = ¢ = 1.



2 Theory and experimental background

In this section, we present the relevant theoretical background necessary for understanding the decay
framework. Furthermore, we include a description of the IceCube Neutrino Observatory along with how

this determines the flavor of the observed neutrinos.

2.1 Standard Model

The Standard Model describes elementary particles and the interactions between them. The matter
particles are fermions with half-odd integer spins, and the interacting particles are bosons with integer
spins. The model splits the fermions into two different groups: quarks and leptons.

Quarks make up hadrons, subatomic composite particles comprised of either two or three quarks, called
mesons and baryons. The quarks are categorized into three families of increasing mass, where the light-
est family, up and down quarks, build up protons and neutrons. The leptons are also classified into
families: charged leptons (e, 1, 7) and corresponding neutral leptons, or neutrinos (v., v, v;) [2].
There are four fundamental interactions; gravity, electromagnetism, the strong-, and the weak interac-
tion. The interactions are mediated by bosons which are, respectively, the graviton (proposed, but not
yet detected), the photon, the gluon, and the W- and Z-bosons.

2.2 Neutrino Mixing and Oscillations

The discovery that neutrinos can change flavor — known as neutrino oscillation — was a significant
breakthrough in particle physics. As a result of the oscillations, there is an intrinsic probability that a
neutrino created in a specific flavor state is detected in a different state after propagating away from
its source [12].

Oscillations are resolved by introducing neutrino mass eigenstates, v; with ¢ = 1,2, 3, each with a defi-
nite mass m;. The neutrino flavor state is defined as a superposition of the mass eigenstates [12], and so
does not have a well-defined mass. The masses m; are presently unknown, but in this thesis we assume
the normal mass ordering (m; < mg < mg) [13] to be correct.

The coefficients U,; that appear in the superposition of mass eigenstates are organized in the Pon-
tecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [2]

Ve U Ue Ues n
Vp | = U,ul U,u2 U,LLB V2l ( 1)
Vr UTI UT2 UT3 V3

known as the lepton mixing matrix. Following the convention in Ref. [14] it can be parametrized in

terms of the mixing parameters; three angles (05, 013, f23) and a CP-violating phase (dcp). Thus the



PMNS matrix can be written as a product of three rotation matrices, i.e.,

1 0 0 C13 0 Slge_idcp C12 S12 0
U=1]0 Co3 S93 0 1 0 —s12 c12 0 (2)
0 —S93 (€23 —51361501’ 0 C13 0 0 1

where s;; = sin;; , ¢;; = cos 0;;.
The flavor-transition probability of a v, of energy F changing into a v after traveling a distance L

from its source is [12]

P g =005 —4 g Re (U,UsiUa;Up;) sin® <Am§jé) +2 ; Im (U7,Us:Ua;U};) sin (Amfj%) .
(3)
where Am3, = 7.42-107°eV? and Am3, = 2.541 - 10~%eV? are values from p-fit 5.
Because neutrinos are typically ultra-relativistic, we can approximate the propagation time ¢t ~ L. For
neutrinos at 1 TeV, the oscillation length is around 0.1pc [15]. Since the astrophysical neutrinos have
baselines on cosmological distances (~ Gpc), the oscillations are too fast to resolve. Therefore, the

transition probability is averaged out and can be simplified to

3
Py = S (U0 (4)

=1

2.3 High-Energy Astrophysical Neutrinos

High-energy neutrinos of astrophysical origin have been hypothesized for many years and were finally
discovered by IceCube in 2013 [16]. These neutrinos are created in astrophysical sources primarily
through the decay of charged pions created in cosmic-ray interactions with radiation or gas. The
complete interaction chain is

ptylorp+p) — AT — 71" — u+v, — ettty +v,. (5)

They are likely produced in extragalactic cosmic-particle accelerators, and when resulting from pion
decay, the neutrinos accrue about 5% of the cosmic ray energy |16]. Figure 1 shows the Feynman
diagram for pion decay.

This type of decay results in an initial flavor composition of (fes : fus : frs) = (1 : 2 : 0) at the
source. The flavor composition is a measure of the ratio of neutrinos, adding neutrinos and anti-
neutrinos since large-scale neutrino telescopes like IceCube cannot easily distinguish between them

experimentally. When computing the compositions, we define the flavor ratios f, that are normalized
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with the constraint f. + f, + fr = L.

Figure 1. Feynman diagram of a pion decay resulting in high-energy astrophysical neutrinos.

2.4 IceCube Neutrino Observatory

The flavor ratios we compute in this project are processed with likelihood functions of flavor compo-
sitions from the IceCube Neutrino Observatory. IceCube is the largest neutrino telescope to date, at
a cubic-kilometer scale, and is located at the South Pole. It consists of an array of subsurface digital
optical modules (DOMs), each with a photo-multiplier tube [17]. Since neutrinos have a small inter-
action cross section, detecting them requires a substantial detector volume. The icecap at the South
Pole provides a convenient detection site, as it offers a vast quantity of interaction material along with
a transparent medium wherein light from neutrino-initiated particle showers can propagate over signif-
icant distances [15].

Neutrinos only interact via the weak interaction, which can be mediated by either the W*-boson,
charged-current interactions (CC), or the Z%boson, neutral-current interactions (NC). In IceCube,
neutrinos interact with the surrounding ice striking either a proton or a neutron, and for CC interac-
tions, exchanging a W boson and transforming into a charged lepton. The charged lepton is always of
the same flavor as the neutrino [12].

As the charged leptons pass through a medium with a non-zero refractive index, such as ice, they
may travel faster than the phase velocity of light. Consequently, the particles emit Cerenkov photons,
which IceCube uses to retrace the collision point and identify the neutrino flavor, energy, and incoming
direction [17].

2.5 Determining Flavor at IceCube

In IceCube, high-energy neutrinos deep-inelastic-scatter on the nucleons in the ice. The neutrino can
shred apart the quark bonds at these energies, enabling the formation of new particles [15]. The flavor
of an interacting neutrino can be inferred through the distinct Cherenkov light pattern produced by the

charged secondary particles resulting from a neutrino interaction. As mentioned earlier, neutrinos can



interact through both CC and NC interactions which have distinct signatures.

Events in IceCube are categorized into three different topologies: tracks, single cascades, and double
cascades. All the events are reconstructed with maximum likelihood fits of the different hypotheses,
and the event is classified through the best fit . These event types can be seen in Fig.

Figure 2. Examples of the three different types of events observed at IceCube, from left to right; track, single
cascade, and double cascade. This is a simulated double cascade. Each sphere represents a DOM recording the
Cherenkov light, while the color indicates the amount of observed light. Figure from Ref. .

The track events are created by the light deposits from a muon traversing the detector, resulting from
either a v, CC interaction or a v, CC interaction where the tauon decays to a muon (17% branching
ratio). These are easily distinguishable from a single or double cascade. The single cascade events are
energy deposits at a single vertex and originate from either NC interactions of any flavor or the CC
interactions of v, and v,.. With the single cascades, it is impossible to distinguish v, from v, on an
event-by-event basis. A double cascade is two energy deposits connected by a track, which can only
occur by a v, CC interaction. Here the first cascade originates from a hadronic interaction wherein a
tauon is produced. This tauon traverses the detector, leaving a track, before decaying due to the short

lifetime and creating either a hadronic or electromagnetic cascade (83% branching ratio) [7].

2.6 New v, Results

The motivation behind this project was utilizing the new data published by IceCube; the first-ever
clearly identified v, events with the double cascade topology . IceCube has incorporated these data
into their projected likelihood functions for the flavor composition of high-energy astrophysical neutri-
nos . To constrain the lifetime of neutrinos, we will employ several estimated likelihood functions:
the current 8yr likelihood function, the expected likelihood after 15 years, the expected likelihood after
15yr as well as introducing Generation 2 for 10yr, and finally, the combined likelihood from future
neutrino experiments combined. They were obtained from Ref. [18].



3 Decay Framework

In this section, we will follow the decay formalism presented in Ref.[1], with the corresponding code,
which we have adapted to our case. Initially, we present the different characters of the decay, along with
the expressions that govern these. Afterwards, we incorporate cosmology to correct these expressions
for the effects of the expanding Universe.

The astrophysical neutrinos emerge at initial energy and flux (E;, ®°) from the source, then propagate
on a baseline L, to later be observed at the Earth with energy and flux (Ef,cbfﬁ). If neutrinos are
decaying along the baseline, the final flux 3 would be smaller than the standard expectation based on
oscillation. The probability of transition is defined as the observed neutrino spectrum over the initial
spectrum at the source [1], i.e., .
Py = s ©)
3 (E;)

In agreement with IceCube observations, we take the initial neutrino spectrum to be a power law
S S —
5 = OSE,T, (7)

where v is the spectral index. In our analysis, we vary the value of ~.

A mechanism that generates neutrino decay postulates a Goldstone boson called the Majoron, ¢, created
through the spontaneous breaking of the global lepton-number symmetry [3]. Such a model would induce
a decay of the heavier mass eigenstates into the lighter ones, v; — v; + ¢. In this project, neutrinos will

be assumed to be Majorana, i.e., v = 7. The Lagrangian that describes decay is [1]

ij— Gij .

L> g—;VjVin + #Vﬂ%m(fb +h.c. (8)
where the scalar and pseudo-scalar couplings are given by g;; and g;;, respectively. The coupling
constants and the lifetime are associated via the relationship 7, = m;/E;I";, where the decay width T
(Appendix A) is a function of the couplings. Thus constraining the coupling leads to a constraint on
the lifetime.

3.1 Visible and Invisible Decay

We consider three distinct decay modes between mass states: v3 — v, 9 — v, and the intermediate
decay v3 — 15 — v1. The corresponding couplings are; gai, g1 and gza, with g;; = gj;.

Two distinctive decays can be identified; visible and invisible decay. |13]

For invisible decay, the final neutrino state is undetectable, which is either because the state is sterile



or that the state has an energy that lies outside the observable range. This is expressed by a depletion
term, Pg;P(E ), leading to the observation of fewer v, and v;.

For visible decay, the final state neutrino is observable and contributes to the flux, though with a lower
energy than the parent neutrino, leading to a depletion of the heavier states and an accompanying
increase in the lightest states, expressed by the regeneration term P;Zg(E ). Lastly, there is a standard
transition probability (i.e., no decay), 1332/[ Putting all these terms together gives us the complete
transition probability of visible decay [1],

PYS(Ey) = PSY + PP (Ey) + Pt (Ey) . (9)

Examining the individual terms, we find that the standard transition probability can be obtained by
utilizing elements of the PMNS matrix. For the standard transition, there is no decay and thereby
E=FE =L

.Am2 AAm2
P3NE, L) = U \Usy + UlyUgpe 28 L 4 UZyUgge 728 FJ2. (10)

As the high-energy neutrinos oscillate rapidly, the probabilities can be averaged out such that the

standard transition is taken to be Eq. [

T
2E —1i3+, where

I'; is the decay width of the eigenstate v;. This formalism is conventional when dealing Wlth decay, and

To account for the effects of the decay the following substitution can be made:

it is a solution to the Schrodinger equation [15]. The substitution is made into Eq. , which will
account for both the standard transition probability and the depletion component [1], i.e.,

Am 7F75L

P™(E, L) = U Upt + UlpUss - e 38 - om0 4 UlyUpy - ¢ e e (11)

where inv denotes invisible decay.
With calculations found in Appendix A1, the oscillation is averaged out, and the solution for the
depletion is found as

PosP(B, L) = —|Uaa*|Usal* (1 — €772%) — |Uas|*|Ups|*(1 — e7%). (12)

The total transition probability for invisible decay is then found as Py(E, L) = Py 4 PyP(E, L).
This term does not consider the effects of intermediate decay, so the last part of Eq. @[) that needs
consideration is the regeneration component. This expression is significantly more complex than the
two previous due to the distinction between the initial and final energies.

If we assume that the decay occurs at a distance L; from the source, the regeneration can then be
broken down into different sections. Figure 3 shows a schematic drawing for the following process.

e The survival probability of v; up to the distance L; is characterized by the decay width e 7l
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Figure 3. Schematic illustration of the decay.

Due to the effects of oscillation v; accumulates a phase, described by the initial energy e~*#if1,
e The decay occurs, resulting in the vanishing of v; following an appearance of v;. This calculation
is in appendix A2.

r
e The final mass state v; survives until the Earth and now has the new decay width e 3
—iBp(L—L1)

(L—L1)

This state also accumulates a phase, which is now a function of the final energy e

The total transition probability involves an integral over the decay location L, and the initial neutrino
energy E;, which generically can be written as [1]

B 1 L x?jEf —
Plr]eg(Ef,L) = W/ dL1 X / dEZAP;]eg(EuEf7L7L1>q)zS(Ef) (13)
" (E7) Jo Ey

(2
Up until this point, only single decays have been considered, but for ggl) # 0 and g:(,);) # 0, the neutrinos
undergo intermediate decays. These can be consecutive: v3 — v9 — v; where the states propagate and
decay at L; < Ly < L. The process is identical to the earlier one but with more complex integrations.
The solution can be separated, such that the full solution for the regeneration for the 3 — 14 transition
probability now reads
Pt — Pyp® + Pyy® 7 (14)
where the last probability accounts for the consecutive decays. A complete solution for the regeneration
can be found in Appendix B2.

3.2 Cosmology Corrections

Astrophysical neutrinos propagate cosmological distances before reaching Earth; thus, they are exposed
to the consequences of the expanding Universe.



The redshift of neutrinos depends on a cosmological distance measure, for which there are several
different types [19]. Since neutrinos are ultra-relativistic, the relevant distance measurement is the
light-travel distance, whereby the time before the decay is directly related to the distance a neutrino
has traveled since its production [13]. The light-travel distance used is defined as [1]

L(Z) = LH /Oz ﬁ, (15)

where Ly = ¢/Hy ~ 3.89 Gpc is the Hubble length and h(z) = H(z)/H, is the normalised Hubble
parameter. For a flat ACDM cosmology, the definition of H(z) is [19]

H(2) = Hy/Qn(1+ 2)3 + Q, (16)

where 2, = 0.315 and Q) =1 — ,, = 0.685. € is the density parameter defined as the density p
divided by the critical density p., and it determines the overall geometry of the universe [19].

An essential aspect of dealing with the expansion is to correct the neutrino energies, which are now
functions of redshift. This correction leads to the following substitution for the energy: E — E(1+ z),
which in turn implies: T'; — I';/(1 + 2) and T';;W;; — T';;W;;/(1 + 2)? . The spectra at the source and
the point of the decay are no longer the same and also need to be modified, ®7(E;) — &7 (E;(1+2)) =
O3 (E)(1+2)7 [1).

The final consideration to make is the distribution of sources. The neutrino flux detected by IceCube
is approximately diffuse, meaning the neutrino sources have not been definitively located. Thereby we
integrate the transition probability and the source distribution, R(z), with respect to the redshift |1]:

Jo maxdzPy5(Ey, 2)R(2)

2
aﬁ( f) meaXdZR()

(17)

In this thesis, we designate the redshift distribution as a delta function R(z) = 6(z — 1), placing all
sources at the redshift z = 1. Following the substitutions and the redshift distribution, we get the
following corrections to the standard, depletion, and regeneration terms [1]:

P (z) = 0y(1+2)77, (18)

PPy, 2) = ~By(1+2) (1= e T09) 19
x? 7 Er(1421) F~W~-e‘FiL(zl’z) T';L(0,21)

P (Ey, 2) /dz/ sx LY DY (E;(1 + 2)), 20

( [z (I)S Ef 1 B (14e) (1+Zl)2h<21) ( ( )) ( )

where z;; = m;/m,;.



4 Analysis Methods

In this chapter, we describe how we processed the data computed with the decay framework. Further-

more, we provide the statistical method used to constrain the neutrino lifetime.

4.1 Energy Averaging

To compare the flavor ratios that we compute to the ones observed at IceCube, we integrate over the
energy in the range 60Tev - 3Pev, resulting in energy-averaged flavor ratios. Thereby the flavor-ratios
are averaged in energy as such:

1 Ef,max
= E¢))dE;. 21
Uasle, = By, s 1) 45 @)

The energy-averaged final flavor ratios as a function of couplings can be seen in Figs. [ [7] and [§|

4.2 Statistical Method

To constrain the values of the couplings g;; and ggj, we adopt a Bayesian statistical approach. To
simplify our analysis, we fix the scalar and pseudo-scalar couplings to be of equal value, i.e., go1 = g5,
931 = 951, and gso = g4,. We compute the posterior probability density on the couplings:

P(g21: 931, g32) I/dﬁw(ﬁ)

X L({fa(g21, 931, g32, U, fs)))
X (g21)m(gs31)7(g32) -

(22)

In Eq. , 7(¢¥) is the prior on the mixing parameters; we take it to be a four-dimensional delta
function, centered on the best-fit values of the mixing parameters from v-fit 5. The likelihood function
L represents the estimated sensitivity to flavor-ratio measurements in current and future neutrino
telescopes, from Refs. [11][1§]. We consider four scenarios for the likelihood: 8 years of IceCube, 15
years of IceCube, 15 years of IceCube 4+ 10 years of the planned upgrade IceCube-Gen2, and the
combined sensitivity of all planned telescopes by 204(13]. For the couplings, we assume uniform priors
7(gi;) in log;(gi5), to avoid introducing unnecessary bias. For the spectral index v and the mass of vy,
we also take uniform priors, 7(v) and m(m,,1).

When constraining a coupling, the 5D posterior probability is integrated with respect to the other

I TceCube+IceCube-Gen2-+KM3NeT+Baikal-GVD+P-ONE+TAMBO
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couplings. Eg. for go:

’]3(921) :/dﬁdg31dg32£(19)ﬂ(19)

X L((fa(g215 9315 9325 9215 9315 932, U, f5)))
X (g21)m(g31)7(g32) 7 (g91) ™ (951 )7 (g52)

(23)

We maximize the posterior and found confidence intervals around the best-fit point using MultiNest,
an efficient Bayesian inference tool [20].

The likelihood functions are estimates that have been built to be manually centered on the ternary plot.
They were constructed assuming that the flavor ratios at the source are (1 : 2 : 0) and standard flavor
transitions, i.e., no decay.

The Figure[d]illustrates the evolution of the energy-averaged flavor ratios superimposed on the likelihood
function associated to 8 years of IceCube.

Entire region )
00 Value of log,(g5;)

Zoomed region

0.315

00 01 02 03 04 05 06 07 08 09 10 0300 0323 0.347 0370

Fraction of v, Fraction of v,

Figure 4. Ternary plot of the energy-averaged flavour ratios as a function of go1. It is displayed on top of
the likelihood with 8 years of IceCube. This is the same data that is plotted on the left in Fig. @ This plot
is solely illustrative to emphasize the evolution of the flavor ratios and to show an example of the likelihood
functions.

5 Results

The following section is two twofold. First, we use the decay framework to calculate the flavor ratios
at Earth and present the impact of varying the decay parameters on the final ratios.
Second, we present the results of the large parameter scan, where we utilize the methods Chapter 4 to

11



constrain the neutrino lifetime.

When parameters which we vary in the analysis are: (g2, g13, g23,77,™m1), since we set g;; = g;; in our
analysis.. The mixing parameters also influence the visible decay, but these were fixed at their current
best fit which are listed in Table [Il

o o o o
912 923 913 CcP

33.441070 49.0M09 8571013 197131

Table 1. Table of the mixing parameters from Nufit 5.0/ with the normal mass ordering.

5.1 Varying the Decay Parameters
5.1.1 Spectral index

Fig. [5| shows the flavor ratios at Earth as a function of the spectral index ~.

() _ 106 () _ 106
$ =10 8y =10
064 — v 0.6 ve
— v Y
— —
®oad - ®aad -
50‘4 == A \5:04 ____S_Ivi:::::::::::::::::::::::::::::
0.2 0.2
T T T T T T T T T T
1 2 3 4 5 1 2 3 4 5
() _ 106 ‘) _ .0 () _ 106
83 =10 Qi =8y =8 =10
0.6 4 Ve 0.6 4 Ve
— —_—
I V; —
(&) _——— (&3] o _—
804_‘ ____S_I\f::::::::::::::::::::::::::::: 804 ____S_]\f:::::::::::::::::::::::::::::
0.2+ 0.2
T T T T T T T T T T
1 2 3 4 5 1 2 3 4 5

Figure 5. The final flavor ratio as a function of v from an initial ratio of %(1 :2:0). The relevant coupling
coefficient is shown above the individual plots. For each subplot the rest were turned off, e.g., for the go; plot;
931 = g32 = 0. The mass was set as m,, = 0.1eV. The blue shaded region of each subplot indicates the range
for which ~ was varied when determining the constraints.

The change in the spectral index can have a considerable effect on the final composition. The figure
reveals that when the spectral index is small, say v = 1.5, the regeneration component from Eq. (3.2)

12
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is significant. Increasing the spectral index results in a decrease of the regeneration, thus the flavor
compositions become constant. For v — oo the invisible decay case is recovered.

To clarify the discrepancy between the different couplings, an analytical solution to the regeneration is
found from Ref. . Omitting cosmology and taking the limits of m,, — 0 and Ey — 0 changes the
dependency of the spectral index. For the case of only 9:(;/1) # 0, this gives us the analytical solution

|Uas|?|Up1|?

Pos = Uat PlUs1* + [Uaal*|Ugal* + (24)

Thus, fage < x/v, where x = |Ua3|*|Ups1|? in this specific case. For larger values of x, the ratio is less
dependant on the spectral index . The analytical solutions for go; # 0 and g3; # 0, along with the

computed values for all dependencies are determined in Appendix C. Their behavior parallels that of
Fig. 5}

5.1.2 Mass of v

Fig. [6] shows a plot of the final flavor ratio as a function of m,, .

() _ 10-6 () _ 10-6
81 =10 gy = 10
0.6 — v 0.6 — v
_— —_— v
_— v —_—
€04 """ M ©04- """ M
= \3. e - — — ———— =
0.2
T T T T
105 1073 1071 105 1073 1071
log(my,) log(my,)
() _ 109-6 () _ O _ () _1p0-6
83 =10 81 =8y =8 =10
0.6 — v 06 —wv
— —
© 04 """ M ©04- """ M
\‘i B e e e e - ——————=—======= g‘: e - — — ———— =
0.2 0.2
T T T T
105 1073 10! 105 1073 101
log(my,) log(my,)

Figure 6. The final flavor ratio as a function of m,, from an initial ratio of %(1 :2:0). The relevant coupling
coefficient is shown above the individual plots, and for each subplot, the rest were turned off, e.g., for the go1
plot; g31 = g32 = 0. The mass was set as m,, = 0.1eV. The blue shaded region of each subplot indicates the
range for which m,, was varied when determining the constraints.

The mass of v, and v are set as

My, = \/Am3 +m2 A my, = /Am3, +m2 . (25)
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Varying the mass of the the lightest eigenstate, v, affects the flavor ratios at Earth, since the decay
width is proportional to the decay width, which is a function of z;; from Eq[3.2} Since m,, and m,, are
proportional to /m,,, the relative distance between the masses decreases as m,, increases. Therefore
x;; — 1 as mnul increases

To illustrate this, a closed form solution of the regenerational probability is used. For various values of

E; and m,, this gives us the regeneration

P = 22((9;)) K1 — %) + % <e—T(1 +T)— e T/ (1 + g)ﬂ : (26)

For # — 1 the regeneration will then tend towards zero, recovering the case F; = F;. Thus only

invisible decay has an effect. This depletes the amount of v, and v, and leaves the amount v, unchanged,
such that the ratio of v, increases with respect to the other two. The only exception in Fig. [6]is where
only g32 is non-zero; the difference, in this case, is that the regenerated neutrinos are nus, not nuq,

which have a lower nu, content.

5.1.3 Coupling constants

Fig. [7| shows a plot of the energy-averaged flavor ratios at Earth as functions of the coupling constant
go1, as well as the ratios as functions of energy for various values of go;.

/ /
Final Ratio from (1,2,0) g;) =101 0375 géﬁ =107

0374 Benchmark parameters:

Ve 0.375

my =0.1eV,z=1,9 =2and g3 = g3 = 1071°

03501 — . 03501 — o

< 0.325 N 0.325

0.300 0.300

T T T
10* 10° 108

0.375

0.375

W't W=
0350 — . 0350 — .

< 0.325 N 0.325

0.300 0.300

4
log(gz1) E; [GeV] Ef [Gev]

Figure 7. The parameters used in both plots are v = 2, m,, and g3; = gs2 = 0. Left: The energy-averaged

flavor ratios as a function of the coupling go1. The energy was integrated from FEn, = 40TeV to Fpax = 6TeV.
Right: The flavor ratio as a function of energy for different values of gs;.

In Fig. [7| some complex behavior is evident due to the interplay between regeneration and depletion.
Therefore we go through each subplot individually and explain the effect on the energy averaged plot:
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e In the region ¢21 < 1078, Fig. [7|shows that, as expected, no decay occurs if the coupling is small.

e In the region go; ~ 107% — 107°5, Fig. [7| shows a noticeable increase fraction of v, on the energy
averaged plot. Thus, in this coupling region, regeneration has the highest impact on the overall
flavor ratio.

In the two corresponding subplots, the increase in coupling( from go; = 107¢ to go; = 107°%)shows
a shift of the regeneration to higher energies, where the regeneration goes to zero. As this transition
moves further out of the integrated energy region, it creates the bump in v, contents found in the

energy-averaged plot. The ratio of v, and v, falls relatively to v..

e In the region go; > 1072, Fig. [7] shows a very apparent phase transition for the ratios as seen on
the lower right subplot. This occurs because regeneration tends to a non-zero constant at high
values of the coupling. As the coupling increases, this transition shifts to higher energies and thus
occurs outside the integrated energy region. This explaining why the ratio returns to values close
to the standard transition for the energy-averaged ratios.

As the energy keeps increasing, the regeneration will tend towards zero. As E — oo the standard case
is recovered, and the regeneration goes to zero.

Fig. |8 shows analogous plots of the energy-averaged flavor ratios as a function of g3; and g3. These
also are driven by the above interplay between depletion and regeneration, though the interplay here
is milder, so a more conventional evolution is seen. The flavor ratio never ratios do not return to
their standard values at high values of the couplings since the phase transition is not recovered in the
appropriate energy interval.

060 0.60

Final Ratio from %(l :2:0). — v Final Ratio from %(l :2:0). — v

0559 ) = 0.1eV,z = 1,7 =2 and gy = g3 = 10710, G 057 my =01eV,z =1, =2and gy = g5 = 107, o

- — i

054 SM 0s{ SM

045 0451
AN AN
S0 S0

035+ 035+

0.30

0.30
0.259 \J 0.254

0.20 T T T T T T T 0.20 T T T T T T T
-8 -7 -6 -5 —4 -3 -2 -1 0 -8 -7 -6 -5 —4 -3 -2 -1 0

log(832) log(s32)

Figure 8. In both plots the energy was integrated from F,;, = 40TeV to Fn.x = 6TeV. Plots of the flavor-
ratio as a function of energy can be found for both in appendix E. Left: The energy-averaged flavor-ratios as
a function of the coupling g3;. Right: The energy-averaged flavor-ratios as a function of the coupling gs3o
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5.2 Constraints on the Lifetime

When maximizing the posterior, Eq. , the five model parameters (g1, 931, 932,77, My, ) are varied
simultaneously, and independently of each other. As the goal is to constrain the couplings, m,, and ~
are nuisance parameters. Furthermore, the mixing parameters were set at their best-fit values.

The spectral index and the mass of the lightest eigenstate are varied in 10 equally spaced linear steps
between 2 — 3 and 0 — 0.0281e\/ﬂ, respectively. The couplings (ga1, g31, g32) were varied in 10 equally
spaced logarithmic steps between 1078 — 10°. For each of the 10° combinations of model parameters,
we compute the energy-averaged flavor ratios at Earth, Eq. . For in-between values of the model
parameters, we interpolate based on our pre-computed grid.

We use MultiNest [20] to maximize the posterior and find credible regions of the model parameters. We
did this for each of the four detector likelihood functions; Appendix E shows the correlation between
the model parameters in each case. The results are in Table [2 which shows the one-dimensional
marginalized allowed ranges for the coupling constants.

In the earlier analysis of the couplings (Figs. [7] & [8) we found that no decay occurred for go; = g31 =
gs2 = 107,
compatible with case of no decay. This is because of the nature of the likelihood functions, thus the

Since all of the couplings are consistent with this value, we find that the couplings are

analysis finds how well the neutrino telescopes can constrain neutrino decay. The results will therefore

always be compatible with the case of no decay; the important result is the constraints on the couplings.

log g5, log g5, log g5,
Best fit +10 | < 20 Best fit 10 | < 20 Best fit 10 | < 20
IceCube 8yr | —6.147%9 | < —0.27 | —=7.62703¢ | < —7.06 | —7.681031 | < —7.05
IceCube 15yr | —6.377318 | < —0.20 | —7.67703% | < —7.08 | =7.72703% | < —7.10
IceCube-Gen2 | —7.27732 | < —0.46 | —7.807032 | < —7.20 | —7.84%03 | < —7.21
Combined —7410% | < —0.56 | —7.89T008 | < —7.36 | —7.90100% | < —7.47

Table 2. Constraints of the coupling constants. The results were computed with different likelihood functions;
the current 8yr likelihood function, as well as the 15yr, the 15yr+Gen2 10yr, and finally a combination of future
experiments from various neutrino telescopes. The likelihood functions were obtained from Ref. |11] [18§].

The constraints are tighter for g3; and g¢3o than for go;. This is because of the behavior determined
in Figs. [7] and [§] where the energy-averaged flavor ratios returned to being close to their standard
values for high values of g91, but not for high values of g3; or gs». In all cases, the no decay region was
preferred, and high values for go; exhibited behavior similar to the case of no decay. Furthermore, the

2 This is the highest allowed value found by combining the upper limit on the sum of neutrino masses, doimy; < 0.115
[21] and the best-fit values of Am3, and Am3; from Nufit 5.0.
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constraints on g3; and g3s are similar, because of the small difference in the mass between vy and vs.

Since the mass of the eigenstates are still unknown, we do not provide a specific constraint on the

lifetimes, but rather plots of the couplings and lifetimes as a function of m,,. Fig. [0 shows the upper

bounds on the couplings as functions of m,,.
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Figure 9. The coupling coefficients, from left to right; go21, 931, and g32, as a function of m,,, for the four
different likelihood functions used to constrain the couplings.

Fig. [L0] shows a plot of the lifetimes as a function
of m,,. To convert the lower limits from Fig. []
into the lifetimes of 15 and v3, we compute the
partial decay rate I';; via Eq. in Appendix
A. We transform the decay rate to the rest frame
of the parent neutrino by multiplying Eq. by
the boost factor F;/m;. For vs, the total decay
rate is 'y = I'y;, and the lifetime is 7, = 1/Ts.
For v3, the total decay rate is I's = I'g; + '35, and
the lifetime is 73 = 1/T3.

In Fig. it is evident that the constraints on
the vy lifetime are considerably higher than for
vy. In Fig. 1 from we find that the existing
constraints on the lifetimes, along with the values
provided in Appendix F. The lower limit on 73
that we have determined is considerably better

Ty, IceCube 8 yr

= = T13,IceCube 8 yr

T2, IceCube 15 yr

73, IceCube 15 yr
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— = 1,IC15yr +IC-Gen2 10 yr
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— — 13, all future experiments combined 3
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1 1
_ )
Lightest neutrino mass, log;(11,,1/eV)

Figure 10. Lower limits of the lifetime of v and vs.

than previous ones (from Ref. [23]), while the lower limit on 7, is weaker by several magnitudes.
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The reason is that in our analysis we allow decay though all channels, such that both v, and v3 can
decay. Had we focused our analysis on a specific eigenstate, we would have been able to provide tighter
constraints, e.g., if we only allowed 15 to decay. In our parameter scan we varied all the couplings, but
had we fixed some of these, the restraint from the likelihood function would only apply to one decay

channel, and thus be able to put a more stringent constraint of the lifetime of this eigenstate.

6 Discussion

In this section, we assess the assumptions made when computing the results and discuss the reason and
legitimacy for these. Furthermore, we discuss the general trends of the results.

Analyzing the effects of visible decay is a complex issue since it depends on various components. We
analyzed several of these, including the couplings, the neutrino energy, the spectral index, and the mass
of v1. However, several aspects of the visible decay were not examined, namely; (I) the uncertainty of
the mixing parameters, (II) the absolute neutrino mass ordering, (III) the initial neutrino spectrum,
(IV) the source distribution, and (V) the nature of neutrinos. We made valid assumptions regarding
these factors, but in a complete analysis, these should be considered.

(I) Every mixing parameter was fixed at their current best-fit value. The rationale behind this was
because we use projections for the future flavor sensitivity of neutrino telescopes in the analysis, at a
time when the mixing parameters will be measured more precisely. The effect of 615 and 6535 on the
flavor ratios are more significant than the effects of 6,3 and dcp, so the first two could have been varied
along with the decay parameters.

(IT) An extensive understanding of flavor physics requires an understanding of the ordering of neu-
trino masses. This critical point is currently unknown, with the two possibilities; normal mass ordering
(m1 < mg < mg) or inverted mass ordering (m; > mg > ms). Presently the normal mass ordering is
preferred at < 3o [24], which is not conclusive.

(IIT) High-energy astrophysical neutrinos can be created through several processes, but we only con-
sidered considered the canonical case of neutrino production via pion decay, %(1 :2:0). Other options
include neutron-decay sources, (1 : 0 : 0), and muon-damped sources, (0 : 1:0). The creation of v, at
the sources is improbable due to the extremely high energies required. Changing the initial flavor ratios
would impact the final ratios, as the evolution is from a different state.

(IV) Regarding the neutrino source distribution, we assumed that all the sources were located at the
redshift of z = 1, to speed up the calculations.. A more correct approach would be to use an source
probability distribution - such as the Yuksel Kistler Beacom Hopkins (YKBH) distribution [25]. The
effects of the YKBH distribution were investigated in Ref. [1], and found only a marginal discrepancy
between the results obtained with the two. Appendix G contains a plot of the regeneration transition
probability for both.
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(V) We did not separately investigate the effects of the scalar interactions vs. pseudo-scalar interac-
tions. However, Ref. |1] found a minimal discrepancy between the two channels.

Some general trends for all plots can be noted. In the standard case (i.e., no decay), the v, fraction is
the largest one. Under visible decay, this fraction becomes the smallest one in all cases. In Fig. 4 from
Ref. |1] (Appendix H), they found that the v, survival probability was extremely low in the energy re-
gion we considered. Thereby the v, flavor state quickly depletes. Furthermore, the survival probability
for v, is not affected much when introducing decay, explaining why this flavor state dominates.

7 Conclusion

With the decay framework from Ref. [1], we computed a considerable data set of theoretical flavor
compositions at Earth, for many different combinations of the model parameters. We studied the effect
on the flavor composition of varying individual parameters, in order to gain a deeper understanding of
neutrino decay. Adopting a Bayesian statistical approach, and based on the estimated flavor sensitivity
of current and upcoming neutrino telescopes, we forecast the constraints of neutrino decay that they
will be able to place by measuring the flavor composition of high-energy astrophysical neutrinos.

We conclude the lower limit on 73 that we have determined is considerably better than previous ones,
while the lower limit on 75 is significantly weaker. Furthermore, we find a trend of tighter results with
bigger and better neutrino telescopes.

We found the upper 20 limit as: log ggl) < —0.27, log ggl) < —7.06, and log gé;) < —7.05.
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Appendices

Appendix A - Decay width:

The lifetime of a neutrino mass eigenstate v; in its restframe, can be found as a function of the decay

width:

“Er, O MTE
Where I'; is defined as the decay width of for the mass eigenstate.

(27)

Ti

A1, Depletion:

Using calculations from quantum field theory (QFT) the following can be shown for a partial decay
from v; to v; [1]

Iy = % (92, [f (i) + k(xiy)] + 97 [h(i5) + k(25)]) (28)

where E; is the initial energy, z;; = m;/m;. Both decay channels v; — v; and v; — 7; have been
included. The functions from above are

T 2 2 1
—Z 194+ 2 e
f(x) 5 + 2+ . og(x) poiaiswk
T 2 2 1
hiz)==—2+—1 S —
(z) 2 + x og(z) + x2 237 (29)
z 2 1

Eq. [28/ and [29| can be found in Ref. |1] as Eq. (6),(7), (8), and (9).

A2, Regeneration:

As the decay products is now visible, there are two energies invovled - the inital F; and final E;. The
energy then needs to be normalized, which is done with the following distribution:

W =1, ag,

(30)
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The decay for the different channels is then found through QFT again [1]

VUV ;1M
F VVZ] = 167TEJ2 (gZQJ [AU + 2] + 94]2 [AZJ - 2]) )
S LY 1
DWW = L (% + g3 | — +xi; — Ay
VY 16T (9 95 Tij % ') (31)
1%78%7% vU,VU mimj 2 1 2 1
r = e (9 |5 o 2] i [ v —e])
Here A;; is the regeneration amplitude, defined as
1 E; E’f
A= i 32
J x” Ef l'] E ( )

These equations , 131, can be found in Ref. [1] as equations (16), (17), (18), and (19).

Appendix B - Regeneration integral:

To compute the integral in Eq. we can compute the amplitude function found above in Eq. .
The amplitude of the regeneration is [1]

At = e i ) T, ®

With the change in transitional probability, before and after decay, of regeneration is the amplitude
squared:
AP®(E;, By, L, L) = |A77]7. (34)

Relative to the scales of the total propagation, the neutrinos promptly loose coherency, thereby the
interference can be omitted. The oscillations are averaged out, and the integral over L; can be preformed
analytically [1]:

1 — et (35)

L
AL AP*8(E,, By, L, Ly) —
/0 1 ij ( s Lo fy Ly 1) FZ _ 1—‘]

For ggl) # 0 and ggz) # 0 the neutrinos can experience intermediate decays can happen. These can be

consecutive as well; v3 — vy — 11 propagating at decaying at L; < Ly < L. The process is identical as
before, but now with a new amplitude:

Ageig, 2 _ e*%Ll\/mef%(M*Ll)\/ TorWay. (36)
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The total probabillity is then found as

_ ) 1 L L x§2Ef :p%l FEint
Pies = X / dL / dL dEin dEZ
% 5 (Ey) 0 ' Ly ? o ' Eint (37)

X AP5#*(E;, Fing, Ef, L, Ly, L) @7 (E;)

which is preformed analytically,

L L
/ dL, / ALy AP (B, By, By, L Ly,
0 L1

F32 [ [ 32F21 [ [ 21 1 —TI'sL 1 —TsL
— 1 — 2 _ 1 _ 3
Pt (1 et — (1 et

(38)

I

These can be combined to give the total transition probability from Eq. .

Appendix C - Solutions for Eq. (24)):

There are nine differet solutions for eq. ; 3 different solutions for each of the flavors, with each of
the couplings turned on.

Since there is still some enate uncertainty to the mixing parameters, the following solutions are just
estimates. There are given without uncertainty, and the values are chosen as the current best fit from the
PMNS-matrix. This is not a problem since only the approximate values are needed, in order to explain

the development. For larger inverse dependence on the spectral index, the less change is expected as v

increases.

&) #0: o Delnl o S
gl #0: g oc Dl o L
) #0: oDl o 3
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Appendix D - Flavor vs. energy plots for g3; and g39:

For both plots the parameters used were benchmark parameters, Table , except for the couplings
where the other two were turned of. Notice that the energy-averaged region is shown in blue.
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Figure 11. The flavor ratio as a function of energy for different values of top: gs3; and bottom: g3».
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Appendix E - Posterior probability intersections
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Figure 12. The results of computing the posterior probability for different parameters, as functions of the
rest. The dark blue region indicates the 1o region, the lighter shade indicates 90% confidence, and the lightest
shade indicates 97% confidence. The plots are for different likelihood functions.

Upper left: The current likelihood from IceCube after 8 years. Upper right: The expected likelihood from
IceCube after 15 years. Lower left: The expected likelihood from IceCube after 15 years along with running
Gen 2 for 10 years. Lower left: Combined likelihood from upcoming neutrino experiments from several
different telescopes.
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Appendix F - Existing Constraints
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Figure 13. Figure from Ref. , with the constraints from Ref. [2-8]. |:| |:| |:| |:| |:| I:I |:|

At this point, numerous existing constraints on the lifetime of the neutrinos comes from a wide range
of experiments. These can be seen in Fig. Typically the most robust constraints are from the
long baseline and low energy neutrinos. The weakest constraints are from atmospheric, accelerator, and
reactor neutrinos, which apply primarily to v3 decays. Next are the constraints from solar neutrinos,
which apply to 15 decay. These constraints then apply to all decay channels. Lastly, strong constraints
come from the CMB, which affects all of the mass states.

The current constraints, all with a 90% confidence and given as k; = Tfl—l, are @ﬂ

S
>2091-107% — %],
i eV
Ko > 1.26- 1073 % ﬂ], (39)
S %n

eV

K3 >9.4-1071

References: Constraints

1. A. Abdullahi, P. B. Denton, Physical Review D 102 (2020) (cit. on p. 2G).

2. B. Aharmim et al., Physical Review D 99 (2019) (cit. on p. [2G).

3. P. B. Denton, I. Tamborra, Phys. Rev. Lett. 121, 121802 (12 2018) (cit. on p. [26).

4. M. Escudero, M. Fairbairn, Phys. Rev. D 100, 103531 (10 2019) (cit. on p. [26).

5. K. Hirata et al., Phys. Rev. Lett. 58, 1490-1493 (14 1987) (cit. on p. 26)).

6. M. Bustamante, J. F. Beacom, K. Murase, Phys. Rev. D 95, 063013 (6 2017) (cit. on p. .
7. B. Aharmim et al., Phys. Rev. D 99, 032013 (3 2019) (cit. on p. [26)).

8. M. Gonzalez-Garcia, M. Maltoni, Physics Letters B 663, 405-409 (2008) (cit. on p. [26)).

9

M. Bustamante, New limits on neutrino decay from the Glashow resonance of high-energy cosmic
neutrinos, 2020, arXiv: 2004.06844 [astro-ph.HE] (cit. on p. .

26


https://arxiv.org/abs/2004.06844

Appendix G - Redshift distributions
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Figure 14. Varying different redshift distributions: ]5&“55 as a function of E; for the v, — v, transition. All
curves are normalized to Ey ~ 300 TeV for plotting purposes. This figure is similar to Fig. 3 on the bottom

right in Ref. .

Appendix H - Figure from Ref. [1]
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Fig. 4 in Ref. . The visible transition probability as a function of the energy for different
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