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ABSTRACT: We present compact analytic expressions for 3-flavor neutrino oscillation
probabilities with invisible neutrino decay, where matter effects have been explicitly included.
We take into account the possibility that the oscillation and decay components of the effective
Hamiltonian do not commute. This is achieved by employing the techniques of inverse
Baker-Campbell-Hausdorff (BCH) expansion and the Cayley-Hamilton theorem applied
in the 3-flavor framework. If only the vacuum mass eigenstate v3 decays, we show that
the treatment of neutrino propagation may be reduced to an effective 2-flavor analysis
in the One Mass Scale Dominance (OMSD) approximation. The oscillation probabilities
for Py, Pee, Pey and P, — relevant for reactor, long baseline and atmospheric neutrino
experiments — are obtained as perturbative expansions for the case of only v3 decay, as
well as for the more general scenario where all components of the decay matrix are non-zero.
The analytic results thus obtained match the exact numerical results for constant density
matter to a high precision and provide physical insights into possible effects of the decay of
neutrinos as they propagate through Earth matter. We find that the effects of neutrino
decay are most likely to be observable in P,,,. We also point out that at any long baseline,
the oscillation dips in P, can show higher survival probabilities in the case with decay
than without decay, and explain this feature using our analytic approximations.
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1 Introduction

The observations of neutrino oscillations in terrestrial experiments have conclusively estab-
lished that neutrinos have tiny but non-zero masses [1]. The past and present neutrino
oscillation experiments have consolidated the 3-flavor paradigm of neutrino mixing, measur-
ing most of the parameters governing the oscillations with a considerable precision [2-4]. The
parameters that are quite well measured include the solar mass-squared difference (Am3,),
the magnitude of the atmospheric mass-squared difference (|Am3,|) and the mixing angles
(612, 023, 013). Future experiments are aimed to unambiguously determine the unknown
oscillation parameters — the sign of Amgl, the octant of the atmospheric neutrino mixing
angle o3, and the CP phase dcp in the lepton sector. In addition, these experiments can



also probe physics beyond the Standard Model (BSM), which can give rise to sub-leading
effects on top of the dominant neutrino oscillation phenomenon.

A possible BSM scenario is the invisible decay of neutrinos to final states which do
not interact with the detector. Such decays can occur in two ways: for Dirac neutrinos,
the decay mode is v; — v;r + x, where ;g is a singlet fermion and x is an iso-singlet
scalar [5, 6]. For Majorana neutrinos, the decay channel is v; — v + J, where vy is a
sterile neutrino and J is a Majoron [7, 8]. The LEP constraints on the decay of the Z
boson to invisible particles disfavor the triplet Majoron model, indicating that this Majoron
would be primarily a singlet [9]. The solar and atmospheric neutrino data disfavor pure
neutrino decay solutions [10-12] to these anomalies. However, combined oscillation and
decay scenarios, with decay as a sub-leading effect, can still be allowed and have been
studied in the context of solar [13-20] and atmospheric neutrinos [21-24]. The decay effects
for the neutrino mass eigenstate v; with mass m; and lifetime 7; are typically characterized
by the term exp [—(m;/7;)(L/E,)], which represents the fraction of neutrinos of energy E,
that decay after traversing a distance L.

Constraints on invisible neutrino decay have been obtained from several neutrino
observations. Assuming only the state v decays, a lower bound on the decay lifetime
has been obtained from the solar neutrino data to be 7o/mg > 8.7 x 107° s/eV (99%
C.L.) [19]. Considering the possibility of both vy and v undergoing invisible decay, and
combining high and low energy solar neutrino data along with KamLAND reactor data,
the limits are 71/m1 > 4 x 1073 s/eV and 79/mg > 7 x 107% s/eV at 95% C.L. [25]. The
constraints obtained from the observation of supernova SN1987A neutrinos [26] imply
that for at least one neutrino mass eigenstate, 7/m > 10° s/eV. The global analysis of
atmospheric and long-baseline neutrino experiments in the context of decay plus oscillation
solutions to neutrino anomalies [27] puts the bound 73/m3 > 2.9 x 1071 s/eV (90% C.L.).
Analysis of oscillation plus decay scenario for MINOS and T2K [28] and more recently in
the context of T2K and NOvA data [29] constrain 73/m3 > 2.8 x 10712 s/eV (90% C.L.)
and 73/mg > 1.5 x 10712 s/eV (30), respectively.

Prospects of constraining neutrino decay in future high precision accelerator experiments
like DUNE, T2HK/T2HKK, ESSvSB have been examined in [30]. Effects of decay plus
oscillation in the context of the JUNO experiment have been studied in [31]. Invisible decay
combined with oscillation in the context of future atmospheric neutrino experiments have
been studied in [32] for INO, and in [33] for KM3Net-ORCA. Invisible neutrino decay has
also been studied in the context of neutrino telescopes [34-36]. Strong bounds on invisible
neutrino decay lifetime can come from cosmology [37-39]. Recent studies on constraining
invisible neutrino decay from precision cosmology has been performed in [40, 41].

Many of the scenarios with oscillation and decay studied in the above references were
explored prior to the discovery of non-zero 613, and considered neutrino decay in a 2-flavor
scenario in vacuum. Notable exceptions like [42] and some of the more recent works [31, 43]
have calculated the expressions for combined oscillation and decay probabilities in vacuum
in the 3-flavor scenario. However, these studies assume that the neutrino mass eigenstates
in vacuum are the same as the decay eigenstates. Compact analytic expressions for 2-flavor
mixing in vacuum, which do not make this assumption and use a non-unitary matrix



for the diagonalization of the Hamiltonian, have been presented in [44]. In all the above
studies, matter effects, if relevant, have been included in numerical analyses. No study
offering compact analytic expressions for probabilities in matter in the presence of invisible
decay had been accomplished till recently, even in the simple case of 2-flavor mixing. In
a recent paper [45], we have presented the first-ever analytic expressions for probabilities
with 2-flavor neutrino oscillation and decay in matter.

The propagation of decaying neutrinos can be described in terms of a non-Hermitian
Hamiltonian, where the Hermitian component drives the neutrino oscillations, and the
anti-Hermitian component governs the neutrino decay. This may be written as

H=H—il/2, (1.1)

where H is the Hermitian component and —iI'/2 is the anti-Hermitian component of the
total Hamiltonian H. In terms of H, the flavor evolution of neutrinos takes the form

[v(®)la = le™™ag [1(0)]5, (1.2)

where, [...] denotes a matrix. While eq. (1.1) is valid in all bases, a convenient basis is that
where the Hermitian part of the Hamiltonian is diagonal [45]. This corresponds to the basis
of mass eigenstates in matter, in the absence of decay. The matrix H expressed in this basis
(H,,) is a diagonal matrix whose elements depend on neutrino mass squared differences,
neutrino energy, and the Earth matter potential. On the other hand, the matrix I' in this
basis (I';,) may be non-diagonal. Thus, in general, H,, and I';,, do not commute, and hence
cannot be simultaneously diagonalized. Since [H,,, ;] # 0 in general, H,, is not a normal
matrix, and

e~ iHmt £ g=iHmt,—Tmt/2 (1.3)

Thus, in order to calculate the oscillation amplitude matrix, one has to express the left
hand side of eq. (1.3) in terms of a chain of commutators using the inverse Baker-Campbell-
Hausdorff (BCH) formula, also known as the Zassenhaus formula [46, 47]. In [45], we have
developed a procedure for calculating the neutrino probabilities for combined oscillation
and decay in constant density matter for two neutrino flavors, employing a resummation
procedure for the Zassenhaus expansion [48].

In this paper, we set out to derive the analytic probabilities in constant density matter
for the 3-flavor mixing. It may be recalled here that even in the absence of decay it is
difficult to deal with three-neutrino propagation in matter, due to the mismatch between the
propagation and the interaction eigenstates of neutrinos. In fact, no exact compact analytic
solution exists [49]. However, one can derive the probabilities perturbatively, as series
expansions in terms of small parameters that have been identified. Two approximations that
are often used are (i) the One Mass Scale Dominance (OMSD) approximation which exploits
the fact that the solar mass-squared difference is much smaller than the atmospheric one, i.e.
Am3; < Am3,, and takes Am3, = 0, (ii) the a— s13 expansion in terms of small parameters
a = Am3,/Am3, and si3 = sin(f13) [50]. The inclusion of decay into the picture makes
this problem even more complicated.



Additional complications with decaying neutrinos arise because a non-Hermitian effective
Hamiltonian cannot be diagonalized using a unitary matrix [44]. The mismatch between
the decay and mass eigenstates in matter introduces additional parameters. For instance,
even if one starts with a single decaying vacuum mass eigenstate, all the mass eigenstates
in matter will develop decaying components. Such non-intuitive features are brought out
in our analytic treatment. We compute the neutrino conversion/survival probabilities, in
vacuum as well as in the presence of matter, using different techniques and under various
approximations. Our analytic expressions may be used to probe and understand the nature
of changes to the neutrino oscillation probability in the presence of decay.

In section 2, we present our parametrization of the effective Hamiltonian corresponding
to neutrino oscillation and decay, and formally set up the scheme for perturbative expansion
in small parameters. We first consider the scenario where only the mass eigenstate v3 in
vacuum decays. This is motivated by the observation that the limits on the decay lifetimes
of 11 and v, are quite stringent and the decay of v3 can significantly affect the oscillation
probabilities in long-baseline experiments. Then we go to the generalized scenario where all
components of the decay matrix I' in the vacuum mass basis are nonzero. This generalized
scenario can be of relevance, since exotic interactions of neutrinos in matter may relax some
of the constraints previously discussed. The rest of the paper is organized as follows.

(i) We first calculate in section 3 the results in the OMSD approximation, in the scenario
where only the third mass eigenstates v3 decays in vacuum. We show that the 2-flavor
formalism developed in [45] can be used effectively in this scenario.

(i) We then develop in section 4 the 3-flavor Zassenhaus expansion for v3 decaying in
vacuum, relaxing the assumption Am2, = 0. In this case, the probabilities in vacuum
are explicitly presented in terms of a series expansion in «, the reactor mixing angle
sin 613 as well as the decay parameter v3. We also give the prescription for obtaining
the probabilities in matter using the Zassenhaus expansion in terms of oy, si%, 7"
and the mismatch parameters ~;7, where the suffix ‘m’ denotes the corresponding
quantities in matter.

(iii) We bring out the explicit matter dependence in section 5 and section 6 by using the
Cayley-Hamilton theorem, which allows us to write down the probabilities in terms of
parameters defined in vacuum, with the dependence on matter potential expressed
explicitly. The scenario with only 13 decay is considered in section 5, whereas the

general decay matrix I' (with all its components non-zero) is considered in section 6.

In section 7, we compare the analytic expansions against numerically computed probabilities
(in the PREM-averaged constant matter density along the line of propagation [51, 52]) for
baselines of 1300 km and 7000 km. We further extend our analysis to a wider range of
baselines and identify the regions in the (E,, L) parameter space where the accuracy of
our analytically calculated probabilities is very high. Our study reveals some non-intuitive
features of the neutrino oscillation probabilities, which can be explained with the analytic

expressions. We end in section 8 with summary and conclusions.



2 The effective Hamiltonian

Neutrino decay may be analyzed in terms of an effective Hamiltonian which is non-Hermitian.
Such a Hamiltonian can be expressed as a combination of Hermitian and anti-Hermitian
components, which describe the neutrino oscillation and decay, respectively. In the Weisskopf-
Wigner approximation [53, 54], one may write the decay matrix as

Lyy =21 ) (il H'|ow) (on M |v;) 0(Ex — Ev). (2.1)
k

Here |¢y) represents the final states with energy Ej to which neutrinos decay, and H' is the
interaction term due to BSM physics.

In principle, all the elements of the matrices H;; and I';; can be non-zero in any generic
basis. For the simplicity of discussion, we can write the effective Hamiltonian in the basis
where the Hermitian component of the Hamiltonian is diagonal, and use the suffix ‘m’ for
the corresponding matrix. Note that the suffix ‘m’ emphasizes that this form is applicable
even in the presence of matter. In this basis, the Hamiltonian takes the form

. aq 00 . 2b1 b12€iX12 blgei)ﬂ?’
1 1 . .
Hm = H,y, — il_‘m = 0 ax O — — | bige™™X12 2bsy boge™X23 | | (2.2)
0 0 ag b136—iX13 b236_iX23 2b3

Here H,, and I';,, are Hermitian matrices, with a;’s being the eigenvalues of the Hermitian
component H,, that are responsible for neutrino oscillations. The b;’s and b;;’s are the ele-
ments of the decay matrix, which may be obtained from eq. (2.1) by using the corresponding
basis. This is a 3-flavor generalization of the convention introduced in [45]. Note that all the
a;’s, bj’s, b;j’s and x;;’s are real. Since the effects of decay is expected to be sub-dominant
compared to the oscillation effects, O(b;), O(bi;) < O(a;). The values of b;’s and b;;’s are
further constrained by the condition that the decay matrix, I';, is positive definite.

Most of the earlier literature analyzing neutrino decay only considers scenario where
decay eigenstates are the same as mass eigenstates, i.e. the eigenvectors of H,, and I';,
coincide, which corresponds to v;; = 0. However, this scenario is clearly not applicable if
[Hp, I'] # 0. Further, due to earth matter effects, the eigenstates of H,, are in general
different from the neutrino mass eigenstates in vacuum. Therefore, even in the scenario
where mass eigenstate and decay eigenstates are identical in vacuum, the off-diagonal decay
terms -;; will invariably arise in matter. This makes it imperative to incorporate the effects
of v;;’s, while calculating the analytic expressions for neutrino probabilities.

In section 2.1, we first separately discuss the Hamiltonian for the scenario where only
one mass eigenstate in vacuum, v3, decays. This corresponds to the scenario primarily
considered in literature. Note that this does not mean that the decay matrix I',, in the
effective mass basis in matter, as defined in eq. (2.2), will only have one non-zero component.
In section 2.2, we generalize to the scenario where all elements of I' can be non-zero even
in vacuum.



2.1 Decay of vs only

In the scenario where only the v3 mass eigenstate in vacuum decays, the neutrino propagation
in the presence of matter may be described in terms of the effective Hamiltonian

, 00 0 0 0 0 Vee 0 0
’H}“’:w Ulloam?, o |—ilo o o Ut+] 000/, (23
g 0 0 Am? 0 0 y3Am3, 000

where Am3, = m3—m?, Am}, = m3—m?, and Voe = V2G N, with G the Fermi constant,
and N, the electron number density. Here 3 is defined such that y3Am3, = ms/73, where
mg is the mass, and 73 is the lifetime of 3. The neutrino mixing matrix U = Uss U13 U2,
with

1 0 0 C13 0 8136_16CP c12 s12 0
U3 =10 co3 s23 |, Uiz= 0 1 0 ,Ug=| —siac12 0. (2.4)
0 —s93 ca3 —Slgeidcp 0 C13 0 0 1

We use the notation s;; = sin 6;; and ¢;; = cos ;; throughout the rest of this paper.

Since the exact compact expressions for neutrino oscillation probabilities in the 3-flavor
are impossible to find, we will be using perturbation techniques in this paper. The small
dimensionless parameters in which the perturbative expansion can be carried out are «,
s13 and 3. For convenience, we express all of these in terms of a common book-keeping
small parameter A = 0.2. Based on their magnitudes or current upper limits on the values
of these parameters, we assign them the powers of A as

a~0.03~0(\), s13 >~ 0.14 ~ O(\), v3 < 0.1~ 0(N). (2.5)
We also define the dimensionless quantities

2B, Ve

Ao B Am%lL

A= 2.
Am3, 4F, (2:6)

since these are combinations that often appear in the final expressions.

Note that the addition of the matter effect term V. mixes the eigenstate v3 with the
others. This implies that when neutrinos propagate through matter, the decay matrix I';,
in the effective mass basis in matter, as defined in eq. (2.2), would have non-zero elements
other than ~«5*. As a result, more than one neutrino mass eigenstates in matter will now be
seen to undergo decay.

2.2 General decay matrix I'

The effective Hamiltonian in flavor basis, in the presence of matter, may be expressed in

the form
L (00 0 . Vee 00
HY =v s [0ams o | -cT|UT+{ 00 0], (2.7)
“\0 0 Am3 000



where
1 ; 1 ;
1 Mo gvzeE ?’7136"’“3
57126 X2 V2 5723€X% | (2.8)
1. —ixis 1. i
5713€ X13 5723€ X23 Y3

2
_ Amg,

r
E,

Since neutrino decay has not yet been observed in reactor or long-baseline experiments, the
length-scales associated with decay can safely be assumed to be larger by at least a factor
of ~ 1/O()) than the corresponding oscillation length-scales. This would imply

nAmz SONAm3,  pAmi SONAmS,  y3Amg; $ONAmS,,  (2.9)

and therefore,
nSOWN),  wSON),  1OoM). (2.10)

Furthermore, since the decay matrix I' must be positive definite, its off-diagonal terms are
constrained to be O('yfj) S O(7:)O(7;4). Each of the dimensionless quantities for the general
decay scenario are now expressed in terms of powers of A\. For our calculations, we take

Y1, y2 ~ O(N?), 3~ O(N), Y12 ~ O(N?), Y13, Y23 ~ O(\?), (2.11)

which allows the values of v as large as permitted by constraints above. In summary, we
take!

A3 A3 A2
2
T~ % A3 A3 a2 (2.12)
v\ A2 A2 A

For future long baseline neutrino experiments with the expected absolute accuracy in
the probabilities ~ 1%, it is enough to have analytic expressions accurate up to O(\?).
Therefore, in our analytic calculations we ignore any 7%- terms, as well as 77 and 72 terms.
Naively, one may expect the effects of 13 decay to be dominant in all cases. However, we
shall see later explicitly that there are cases where the other «;, v;; elements can contribute
to the same extent.

In the next sections, we’ll calculate analytic expressions for neutrino conversion/ survival
probabilities, in the presence of matter and decay, as perturbative expansions in powers of
the book-keeping parameter .

3 One Mass Scale Dominance (OMSD), with decay of v3 only

In the OMSD approximation, using the observation that a ~ O()\2), the effect of Am3,
is neglected with respect to Am%,. The propagation can then be studied in an effective
2-flavor approximation in the 1-3 sector, when only the 13 mass eigenstate in vacuum

!'Note that the powers of A used in eq. (2.12) are rather conservative, especially for the off-diagonal
elements. In the absence of any further exotic physics, and for the neutrino decay widths much smaller than
the mass-squared differences, the off-diagonal elements of I' in vacuum (i.e., 75, @ # j) will be vanishingly
small. We, however, retain the dependence on these off-diagonal elements for the sake of completeness.



decays. As a result, the Hamiltonian becomes independent of the mixing angle 615 and the
CP phase dcp.

Am2 0 o0 0 A0O
HOMED) = ot L R uf+looo ||, (3.1)
v 0 0 1—iys 000
where the mixing matrix U has the simplified form
1 0 0 C13 0 513
U = R23(023) . R13(913) = 0 C23 S923 0 10 . (32)

0 —s93 €23 —513 0 c13

The matter potential matrix in eq. (3.1) commutes with the rotation matrix Reg in eq. (3.2).
Therefore, the matter effects only modify the Ry3 part of the mixing matrix. We go to a
basis rotated by Res in which the effective Hamiltonian takes the form

A2 0 0 0 A 0 0
HEVED) = S5 R0 0 o |Ri,+|0 o of]. (3.3)
v 0 0 1—ivys 0 0 0

We represent by “~” the quantities in this Rgs-rotated basis. The Hamiltonian in eq. (3.3)
can be decomposed into a Hermitian matrix responsible for oscillatory behavior, and an
anti-Hermitian matrix responsible for decay; represented as

ﬁ;OMSD) _ ]jIJ(COMSD) _ % IN,SCOMSD)‘ (3.4)
Here,
LOMP) = Agfﬂng diag[(0,0,~3)| Rl . (3.5)
Now, the Hermitian matrix E’}OMSD) can be diagonalized as
9 Ai 0 O
ﬁ}OMSD) _ égm Bl o Ay 0 RﬁT. (3.6)
Y 0 0 Asg
The eigenvalues A; can be obtained as
Mg = Aﬁl 1+AFCi), Aa=0, (3.7)

where C13 = \/(cos 2013 — A)? + (sin 2613)2. The rotation matrix RY% = Ry3(607%), where

sin 2913

tan 2075 = ——— .
an <o COS 2913 - A

(3.8)

A rotation via R7% takes us to the “OMSD basis” where the total Hamiltonian can be

represented as '
- ) 1~
HOMSD) — diag[(Ay, A, Ag)] — ir;?MSD) . (3.9)



Here,
m 1.m
o (1" 03753

= m t =(OMSD) pm _ Am
[(OMSD) _ R13T F; ) m EV31 00 o0 |, (3.10)
375 0 A
with
Y = y3sin? 86, V5 = 3 cos® 46, M5 = —3sin(260), (3.11)

where 00 = 075 — 013. Note that, even though we started with only 3 decaying, the decay
matrix in the OMSD basis has multiple non-zero diagonal as well as off-diagonal elements.
Since the second row and column of this matrix is zero and since Ag is vanishing, the
2-flavor technique developed in [45] can be directly applied. In the next subsection, we
calculate the neutrino survival/ conversion probabilities Py, Pee, P, and P using the
OMSD approximation.

3.1 Neutrino probabilities with OMSD approximation

The amplitude for v, — vg in the OMSD approximation is given by

71H5€OMSD)L

A(va = vg) = le Jpa = [Ras RT3 A R " RY )0 (3.12)

where

A = exp[—iHOMSD) ] (3.13)

is the amplitude matrix in the OMSD basis. The neutrino survival/ conversion probabilities
can be calculated from, Pag = |A(va — v5)|>. They may be written in a compact form in

terms of some intermediate quantities. We define

A A
dlE(l—{—A—Qi’y{n—Clg)f, dgE(l—l—A—QZ"ygn—l—Clg)f, Ag=ds—dy, (3.14)
and
o ) m ~m A ~mA
D173E <1+A—Z(’71 +'}/3 ):F013) f, ADEDg—Dl :2013f, (315)
where
Cs = /1C1s — il = 1 — (V). (3.16)
Applying the Pauli exponentiation technique as discussed in [45], we can then directly
obtain
aG_(L)+G4+(L) O bG_(L)
Ay, = 0 1 0 . (3.17)
bG_(L) 0 Gi(L)—aG_(L)

Here, G4 (L), G_(L), a and b are given by

1 ; ; 5 A
Gi(L) = 5 (€_ID3L + 6_1D1L> N a = _TD s b= —2217125 . (318)



Finally, the probabilities P,,, Pee, Pe, and P, the ones relevant for most of the neutrino
experiments, may be expressed in the OMSD approximation as

2
Py, = ‘033 + 523G (t) — 535 (a cos 207% + b sin 207%) G_(t)’ , (3.19)
P.. = |G4(t) + (a cos 207% + b sin 2073) G_(t)]?, (3.20)
P, = |s03 (b cos 2074 — a sin 2073) G_(t)]*. (3.21)

With the OMSD approximation, we have P, = P.,. Note that, each of the individual
terms — G4 (t), a and b — are complex in nature. In this scenario where only v3 vacuum
mass eigenstate decays, the expressions for probabilities for antineutrinos have the same
form as those for neutrinos; however, the numerical values of the parameters a, b, 7% and
D1 3 would be different for antineutrinos in the presence of matter. The analytic expansions
obtained here will be referred to simply as “OMSD” in section 7, when comparing against
the numerically obtained exact results in constant matter density approximation.

The OMSD probabilities obtained above may be explicitly expressed in terms of the
quantities s13, 7{*, 74", and up to O(\) in 774, using the 2-flavor Zassenhaus expansion
employed in [45]. The relevant expressions are

2
2 2 2 —2ymA 2 —2yTA 4 .2 —27 A 2
Py, = (623 + s53 {(s’fg,) e M2+ (5)e 78 D — So3sin” 2075 e~ 7= sin” A,

m A_ m A
— sin? 2093 [(sﬁ)ze%’l A gin? - + () 2e= 25" A gin? %

~ . —_ . —_ m . — m .
+ 7555 sin 207% {013 [8%36 248 5in 20, + ¢34 (e DA gin Ay — e P A gin A_)}

AN A _
+ - S%3((C71%)2€ A _ (1) 2e A — cos 207he 242 cos 2Am)

+ 3 (6_27?:”A cos Ay — e 2B cos A)] } , (3.22)
P.= [(C%)Qe_%{nA + (S%)26_27§HA}2 — sin? 29{'})6_27+A sin? A,,
— 7 sin 2073 [0136_27+A sin 24, — v_ (2 cos 29{%6_27+A sin? A,
_ [672fygnA _ 6727{”A} [(S%)%fzygm + (Cﬁ)%zwﬂ)] : (3.23)

~ 1 m mA\ 2 )
P.,, = s35in 207} [sin 2075 — 25~_ cos 20’17},} [4 (6_271 A _ e A) + e~ 21+ A gin? Am] .

(3.24)

In the OMSD limit, we have P,. = P.,. Here, (c[}) = cos 07} and (s73) = sin 673, and

An=Cigh, Ar=(1+A£C)A, =o', F=glts.  (32)
13 -

~10 -



In the no-decay limit, the above equations reduce to the well-known OMSD expressions
given in [52, 55-57]. Note that, the probabilities above are expansions up to O(X) in 774 =
—~38in(2d6), since 3 ~ O(A), and sin(266) in principle can be as large as O(1). However,
for densities in the crust of the Earth (that are relevant for long-baseline experiments),
00 = 075 — 613 is very small, and hence higher order corrections due to 473§ are quite small.

The above expressions indicate how, in certain circumstances where the OMSD ap-
proximation is valid, the 2-flavor analysis outlined in [45] allows us to write down compact
expressions for neutrino survival/ conversion probabilities in the presence of matter and
decay. These probabilities may be used whenever oscillations due to Am3; can be ignored.

4 Developing the 3-flavor Zassenhaus expansion

In [45], a resummation procedure for the Zassenhaus expansion was introduced and applied
to calculate the 2-flavor neutrino probabilities in the presence of decay and matter. In this
section, we develop the 3-flavor version of this procedure, which allows us to calculate the
3-flavor neutrino propagation probabilities with decay in the presence of matter.

The exponential of a sum of two matrices can be decomposed using the inverse Baker-
Campbell-Hausdorff (BCH) or Zassenhaus expansion. The expansion may be expressed in

terms of an infinite series [48] as

o o
X+Y _ Np---M1 X
e =1+ Vo, oYy | €7, (4.1)
pzzlm,-%z:pl Mp(np +1p—1) .. (np + . 1) "
where 1
Vn = Ecgfl\Y : (4.2)
Here, £ denotes the commutation operator, i.e.
LxY = [XY]. (4.3)
When truncated up to first order in Y, only the p = 1 term contributes, and eq. (4.1)
becomes
o
ST (14 ) Iy | 5. (4.4)

ni=1
Here the absolute sign(]| - |) denotes the typical scale of a non-zero element of the matrix.
In order to get closed functional forms for the infinite sums, we need to find the analytic
form of Y.
For the general decay scenario in the presence of matter, the effective Hamiltonian in
the mass basis in matter (where the Hermitian part of the Hamiltonian is diagonal) takes
the form?

- om i m X i m iy
A2 -1 —571ge X1z — 59 ietNis
m31,m ; m A o
—_ ) 7 m ,—1 : o, 2 m 51
Hm = ECY N —5Y12e M2y — iyt —595€X2s | (4.5)
1%

i om o, —ix G, —ixTk s m
—571s€e X —gygzem X2 1 — iy

2Note that, as shown in [45] for the two flavor scenario, even for this three flavor scenario, all elements of
the decay matrix I',, in the matter basis will be nonzero due to the mismatch between mass eigenstates in
matter and decay eigenstates, even if only one neutrino mass eigenstate in vacuum were to decay.
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Note that all the quantities in this section — Am%Lm, Apy s Upy 077, 77", g and x5 —
are to be taken in the presence of matter. These expressions are also applicable for vacuum,
i.e. at vanishing matter density.

In order to calculate the amplitude matrix A, = e~ in the matter basis, we define
the matrix A = —iH,,, L. This matrix can be decomposed into A = X + Y, where X is a

diagonal matrix, and Y consists of the off-diagonal contributions due to the v;; terms:

—p 0 0 0 e e
X=-2 0 apy — iy 0 Apm, Y=— | fe i 0 Y eXEs | Ay,
0 0 1 —ang? 'y{’gﬁ,e_ix% ’y%e_ixgé 0
(4.6)
Note that the matrix Y can be further decomposed into
Y = Y12 + Y13 + Vo3, (4.7)
where Y12, Y13 and Yo3 are hermitian matrices with the only non-zero elements
[Yijlig = =€ - Ap,  [Yygljo = —ve™ X0 - Ap . (4.8)
Using Y12, Y13 and Ya3, we can calculate ), in eq. (4.2) as
1 e lan— lwn—
Vo= 3 (AT S Yia + AL S Vs + AR V) (4.9)

where we have defined 315 = diag[(1,—1,0)], ¥13 = diag[(1,0, —1)], Xa3 = diag[(0, 1, —1)],
and
Aij = Xu — ij . (410)

The amplitude matrix in matter basis calculated up to first order in ;; can be expressed as

. m eixqré m eix':’l'é
=27 Am 2Am’mTl2g12(L) QAmmTlggl?’(L)
m o—ixyh A - 7 eiX33
A, = | 24, ’leAw gia(L) o= 2i0m A —275 Ay 2AmmT%ggg(L) . (4.11)
me—ix% me—ixgz”3 ) .
A, ’Y13A13 gi3(L)  2A, ’Y23A23 go3(L) e 2i08m =275 Am,

where g;;(L) = 1 (exp[X;;] — exp[X;]). The probability in flavor basis can then be calculated
2
Pag = |[UnAnU} g0l - (4.12)
We now present the probabilities in vacuum and in the presence of matter.

4.1 Probabilities in vacuum, expanded in «, si13, and ~3

We use the matter amplitudes in eq. (4.11) to calculate the probabilities, where we expand
perturbatively in term of the parameters, «, s13 and 3. Note that the expressions for the
amplitude are valid also in vacuum, just by dropping the suffix ‘m’.
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The normalized decay widths 7;’s and +;;’s, defined in the vacuum basis can be
severely constrained for a neutrino propagating through vacuum. This gives, effectively,
Y1, Y2, Y12, Y13, Y23 — 0, so we may work in the limit of only v decay, with 3 ~ O()\).
The survival/ conversion probability may be expressed as a summation of 2 individual
terms in this case:

Pas =P + P (4.13)

Here Po(é%) is the no decay contribution, while ngj) is the contribution from ~s. The neutrino
survival/ conversion probabilities P, Pee, Py and P, are as given below. Note that due
to the largeness of 023, the effect of 13 decay is the most prominent in P,

P =1 — sin® 2023 sin® A
+ 452552, cos 2093 sin® A + asin® 203 2o Asin 2A + O(N\3), (4.14)
P;Szi?) = —yA (sin2 2023 cos 2A + 4333)
+ Y3 A2 (sin2 2093 cos 2A + 8333) +0(\?). (4.15)
The probabilities P, P, and P, are calculated up to O()\3) since the modifications due
to ~y3 only manifest at the third order:
PO =1 —4ssin? A + O(\Y), (4.16)
PO3) = —4~55% Acos2A + O\, (4.17)
Pe(g) = 452553, 8in% A + 20 513 sin 2019 sin 2093 A cos (A — dcp)sin A + O(\Y),  (4.18)
Pe(z:*) = —8v3 593553 Asin? A + O(\}). (4.19)
Since the above equations are for neutrino propagation in vacuum, P, is given by the
replacement rule
P = Peu((SCP — —dcp) - (4.20)
The antineutrino propagation probabilities are also obtained by the replacement rule

Ps5 = Pap(dcp — —dcp) - (4.21)

4.2 Probabilities in matter, expanded in a;,, s75, v;"’s and ’yi’;.”s

In matter, the stringent decay constraints on the general decay matrix may not survive
and all the decay elements may be non-zero. However, note that the decay elements v;"’s
and 7;7’s are defined in the matter basis (where the Hermitian part of the Hamiltonian is
diagonal). In the presence of large matter densities, the rotation induced by matter effects
to the decay matrix may be large, and we may even have v;; ~ O(X). The decay matrix
I' defined in vacuum, with its terms represented by ~; and +;;, can be connected with the
decay matrix I';, defined in the matter basis (with elements 7/ and ~;7) via

T,=ULUTU U,. (4.22)
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Recall that, due to the mismatch between the vacuum and the matter eigenstates, all v;"’s
and 7;7’s would be non-zero even if only the vacuum mass eigenstate vg were to decay. Let
us express the full probability in terms of

Pag =P + PP + P, (4.23)

where the new Po(}/;’) term denotes the contribution of the general decay matrix apart from

that of the 74*. The first two terms may be obtained by applying the replacement rules
0 = 07, 3= X=Xy, A= Am, a—ap (4.24)

to eq. (4.14)—(4.19), i.e. the suffix ‘m’ should be reintroduced to represent that we are
working in matter basis. The additional contributions from the general decay matrix may

be given as
P{l) = sin 2085 (77573 cos X7 — 55cts cos x5y) sin 24, (4.25)
PI) = —aym AL (1) — 495 A (sT5)% — 2973 A, sin 2075 cos X7
— 2573 [V13¢15 cos (dcp + XT3) + V53513 cos (dcp + xa3)] sin 24, , (4.26)
Pe(};) = —4sT(s)? [y sin (Gop + XT3) 4 voasTh sin (dcp 4 x55)] sin? A, . (4.27)
We also have
P = PU(68 — —08p, X = =X (4.28)

The probabilities associated with antineutrino propagation are given by
Pag = Pag(08p — —08p, Xij = —Xij) (4.29)

with all parameters in matter calculated using A — —A.

Since the amplitude derived above is only accurate up to O(%?), our probability
expression will only be correct up to O()), even when s74 is not too large. For matter
densities in the Earth crust, the mismatch between matter and vacuum basis is small, and
our expressions should be correct up to higher orders in .

In order to get analytic expressions that are valid over a wide range of matter densities,
we need explicit dependence on the matter potential. In the next 2 sections, applying
the Cayley-Hamilton theorem, we derive the neutrino survival/ conversion probabilities
with complete dependence on the matter potential term, first for the decay of v3 only, and
afterwards for the general decay matrix I

5 Explicit matter dependence, with decay of v; only

In this section we will obtain compact analytic forms for the relevant neutrino probabilities
with explicit matter dependence. We use the effective Hamiltonian 7—[?3) in eq. (2.3),
denoting the case when only the vacuum mass eigenstate v3 decays. We employ the Cayley-
Hamilton theorem [58] to calculate relevant probabilities with explicit dependence on the
‘normalized’ matter potential A = 2E, Ve./Am3,.
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Using the Cayley-Hamilton theorem, any function g(M) of a matrix M can be expressed
in terms of its eigenvalues as

k k
1
M)=> Mig(\), with M= ]] M - \), 5.1
9(M) 2 gN),  wi AL i_>\j( ;1) (5.1)

where \;’s are the distinct eigenvalues of the matrix M. Taking M = —2'7—[5073)13, the

probability amplitude matrix Ay, such that [Af]gq = A(va — V), can be expressed as

—iFE1 L
_ i)y € (v3) (v3)
Ay = exp[—iH [V L] AN (17 = Bl (17— Byl
el (73) (73)
_ _ 5.2
tEoEE o E Y P B 62
e sl (v3) (73)
+ BB~ ) [Hf —Elﬂ} [’Hf —EQH].

Here, Ej, FEo and E3 are the eigenvalues of the effective Hamiltonian. The survival/
conversion probabilities can be calculated as P,g = |A(vy — vg)[®. In the next two
subsections, we employ perturbative expansions in terms of different choices of small
parameters that may be valid for different parameter regimes. Even for the next generation
of neutrino experiments, the bin-by-bin oscillation probability is not expected to be measured
with an accuracy of more than a few per cent. Therefore, perturbative expansions up to
O(A\?) — O(A3) for the probabilities should suffice for bringing out the main features of the

effect of neutrino decay.

5.1 Probabilities expanded in s13, a and ~3

The analytic expansions in s13, o and 7, up to O(A?) or O(\3), are especially useful because
of their simple compact form. We take s13,73 ~ O()), @ ~ O(A?). The eigenvalues of the
Hamiltonian may be expressed in the form E; = Ei0 + Ei(%), where Ei0 is the no-decay
contribution to the eigenvalues, and Ei(%) is the modification due to the decay of v3 mass

eigenstate in vacuum. These can be given as

2 2
(0) (v3) — _ Amg, 2 2 A .2 A 4
Ey” +EY =FE = oE, (A + asig + S183 41 V3 813(14—1)2> +0(XY), (5.3)
0 AmQ
EQ +E® =, = 2Ej1 (ach) + 00, (5.4)
2 2
(0) (v3) _ _ Amg, 2 A .2 A 4
E3 + E3 = E3 = 72EU <]. 173 513414 ) + 173 5137(14 — 1)2> + O()\ ) . (55)

It may be observed that E3 gets modified at O()\), F; has a O(A3) modification, while Es
has no modifications due to decay up to O(\3).
Following our earlier convention, we express the probabilities as,

Pag = P + PO (5.6)
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where P(%) denotes the no-decay contribution and PY%) denotes the modifications due to

«Q af
the decay of 3. We present the expressions for P, Pee, Pey, and P, relevant for neutrino

experiments. The largest effect of 3 is expected in P,,, where we get

P/EO) =1 — sin? 2053 sin® A

m
2 in[(A—-1)A] A
~ A1 524 sin? 2693 <sin A cos AA Sm[(A_l)] — 5 Asin 2A>
in?[(A —1)A
— 43%35%3W + a2y sin? 2093 Asin 2A + O(N\3) (5.7)
P;EZB) = —yA (sin2 2023 cos 2A + 4533)
+ 72A2 (sin2 2093 cos 2A + 833‘3) +0(\3). (5.8)

For P, Py, and P, the terms with y3 appear at O(X\3). Therefore, we present these
probabilities up to O(\3):

5 sin?[(A—1)A]

PO =145, (A1) +O(NY), (5.9)
fﬁwzmw%(@fm%fEQAL4Aéif;+8A“fﬁf5?N>+0@%, (5.10)

.2
0 o o sin®[(A-T1)A]
Pe(u) :4313523—(A_1)2

sin[(A—1)A] sin AA

+ 20 513 sin 2012 sin 2623 cos (A —dcp) Y] 1 +O()\4), (5.11)
sin?[(A—1)A
PP =smstysh AT SRS r00) (5.12)

Note that P, = P.,(6cp — —dcp). The antineutrino oscillation probabilities are given by
P.z = P,3(dcp = —dcp, A — —A). The probabilities obtained here will be referred to as
“Full-expansion” in section 7. In the vacuum limit, i.e. in the limit of A — 0, the survival/
conversion probabilities given above match the results derived via Zassenhaus expansion in
section 4. Moreover, the expressions for PC(M%) above match those given in [50] to appropriate
orders, as expected.

The perturbative expansions in eq. (5.7)—(5.12) are valid as long as aA < 1 and
v3A < 1. For example, for the first oscillation peak of both T2K and DUNE, we find that
our perturbative analysis is valid. Since v3 ~ O()\), when AA ~ 1, then our perturbative
expansion is expected to deviate from the numerically obtained values. This would happen
at large values of L/F), i.e. at longer baselines, and/or lower energies. With an exact
dependence on 3, we would be able to increase the region of validity of our analytic

expressions to the point where aA ~ A?A < 1. This would be done in the next subsection.

5.2 Probabilities expanded in si3, and a; exact in ~3

An expansion that retains the exact dependence on 3 is expected to give further insight
into the probabilities, demonstrating the e~ behavior explicitly. As discussed above,
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such an expansion will also be applicable for higher values of A, and hence to lower energy
regimes for a given baseline.
Taking s13 ~ O(A\) and a ~ O(A\?), the eigenvalues of the Hamiltonian are

Am? A(1 —1iv3)
E{ ~ 31 (A 2 2 ) 4 1
1 QEV +0é812+313A_(1_Z,73) +O(A), (5 3)
Am?ﬂ 9 4
By~ S (ach) +00Y), (5.14)
Amgl . 9 Al —1iy3) 4
~ 1-— — —_— . 1
Es oF, ( 3 = S13 77— a _Z_%)) +O(\Y) (5.15)

Employing the Cayley-Hamilton procedure as in section 5.1, the neutrino survival probability
P,,, becomes

Puu=

. 2
—2i(1—iv3)A o —oian (1—iy3)
T T

2

4 2i(1—im3)A [ZiAA [A—(1—iv3)] _(1_2'73)] 1_273> +O()\3), (5.16)

[A—(1—ins)]?

Note that the leading contribution of the decay parameter s is through the s3; term. The
contribution from the first two terms in the amplitude above is

P};?ding = 033 + 3313 e YA 28%30%3 cos(2A)e_273A
=1 —sin? 203 sin? A — s34 (1 — 6_473A) — 252,¢35 cos(2A) (1 — 6_273A) . (5.17)
If the value of 73 is indeed ~ O()\), the above terms would lead to significant deviations
from the standard 3-neutrino oscillation probabilities, and may give the first indications of

decaying vs.
The survival probability P, and the conversion probabilities P, and P,. are

. 1413 2473
Peezl_%%?)[(l‘e 78 cos2(A-1)A]) [(A—l);iwz_ AP
3 - 3
Fea 2AB0A) oy A PABA L o0, (5.18)
[(A-12443) (4=1)%43
2
Popy = st3s3 (147198 — 267298 cos[2(A-1)A]) (A%i;i?
- 73
+as13 sin 26019 sin2923$
1) A2
| (smta-2a erle S mian o)) 0T
- 3

+73( cos[AA —dop] — cos [(A—2) At-dop] e =274 ) +OO\Y.  (5.19)

(A=1)2+3
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With P, = Peu(dcp — —dcp), and P,z = Pog(dcp = —dcp, A — —A). The probabilities
obtained here will be referred to as “Expansion” in section 7. Since both the “Expansion”
and the “Full-expansion” give the same results in the absence of decay, we shall refer to
these simply as “Expansion” while discussing the probabilities without decay. Note that in
eq. (5.16)—(5.19) match [50] in the limit 3 — 0, as expected. However, they bring out the
complex nature of dependence of probabilities on ;.

Since we have an exact dependence on 73, our expansion is valid for all values of A
such that oA <1, i.e. for A2A < 1. Therefore, the analytic expression with expansion in
s13 and a and an exact dependence on 73 and the matter potential A is the most suitable
for longer baselines or lower energies.

6 Explicit matter dependence, with a general decay matrix T

As argued in section 2.2, when we allow maximum possible values for the elements of the
decay matrix I', we have

V1,72 ~ O(N?), v3 ~ O(N), Y12 ~ O(N3) Y13, Y23 ~ O(N?). (6.1)

Note that these elements are defined in the vacuum basis.?

6.1 Probabilities expanded in si3, o, 7; and ;5

The eigenvalues of the effective Hamiltonian Hy in eq. (2.7) due to the inclusion of the
general decay matrix I' can be expressed as

E=E"+E"™ +ED (6.2)

While EZ-(O) and EZ-(%) are given in section 5.1, the additional terms EZ-(F) are

Am? ) . .
iI‘) =381 —1v71 0%2 —1Y2 5%2 —1712 512€12 COS X 12 (6'3)
2F,
. A 4
—is13 (713 c12 cos [6cp +X13] 4723 s12 cOS [d0p + X 23] ) 1| TN,
Am? ) . .
ESF) - 2E31 [_wl 8%2 —2 0%2 —1712 S12€12 COS Y12 +O()‘4) ) (6.4)
v
AmZ, |, A
Eér) _ =31 is13 (713 €19 COS [6CP+X13]+’723 S19COS [5CP —I-ng])i +O()\4) . (6.5)
2F, A-1

Applying Cayley-Hamilton theorem to the effective Hamiltonian H;F), as defined in eq. (2.7),
gives the neutrino probabilities

Pag =P + P+ P (6.6)

[0}

3 As discussed earlier, for small decay widths and in the absence of further exotic physics, the off-diagonal
elements (v;j, ¢ # j) would be vanishingly small. Their contributions calculated in this section may be
neglected, though we have kept them for the sake of completeness.
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where PO%) is the extra contribution to the probability corresponding due to the new

diagonal elements 1, 72 and off-diagonal elements 12, 713 and ~93. The expressions for
the PC(M%) and PO%S) are already given in section 5.1. The PC%) probabilities are given as
PISE) = sin 26053 (713 512 COS X13 — 723 C12 €OS Y23) sin 2A + O(A?) (6.7)
pPI) — —4m C%QA — 49 S%QA — 2712 A sin 2615 cos x12

ee

sin[2(A — 1)A 2AA
+ 2513 (’713 c12 cos [dcp + x13] + 723 S12 cos [0cp + X23] ) < [2( )JA] )

(A—1)2 A-1
+ 0\, (6.8)
in?[(A - 1)A
Pe(}:) = —4513533 (Y23 s12 8in [0cp + X23) + Y13 c12 8in [Scp + X13]) w + 0\,
(6.9)

and Pye = Peu(dcp = —0cp, Xij — —Xij)- The probabilities for antineutrino are given by
P@B = Pag(&jp — —dcp, Xij = —Xij s A= —A). (6.10)
From the above expressions, we make the following observations:

e The P,SE) contributions do not have any matter dependence, similar to the observation
made in section 5.2.

e The modifications to P, due to the off-diagonal decay components are O(A\?), which
are subleading as compared to the contributions of ;.

o The probability modifications P ), Pe(}:) are ~ O()\%). Therefore, the effects of
neutrino decay would continue to be hard to observe in the P, P, and P,. channels
even in future long baseline experiments. However, if one is able to reach absolute
precision of ~ 1% in probability, then it is important to consider these terms alongside
the effects of ~s.

()

e The diagonal components of the general decay matrix v; and 7, are absent in Pe,l; ,
whereas the contribution from the off-diagonal elements ;3 and 23 are present.

Note that the vacuum limits with the inclusion of general decay matrix I' match with

our results obtained via the 3-flavor Zassenhaus expansion method in section 4.1.

7 Comparison of analytical expressions with numerical results

In this section, we compare the accuracy of our analytic approximations against the exact
numerical results. For this, the 3-neutrino mixing parameter values taken are

012 = 33° , 0o ~ 45° , 013 ~ 8.5° ) dcp = 0° )
Am2, = 7.37 x 1077 &2, Am3; = 2.56 x 1073 eV2. (7.1)

These values are consistent with the global fit [2—4, 59] within 3o for normal mass ordering
(Am%, > 0) of neutrinos.
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We present our results for P, and P, the most relevant probabilities for long baseline
experiments. For the purpose of illustration, we take the simpler case of only v3 decaying,
by choosing v3 = 0.1 and all the other elements of the decay matrix I" equal to be zero
in vacuum. Note that the presence of matter will give rise to off-diagonal elements of the
decay matrix I';, in the matter basis, which is automatically taken care of in our analysis.

For the scenario without decay, we show the comparison of the numerical results with
two analytic approximations:

o OMSD: P, and P,, calculated in the OMSD approximation (with exact dependence
on 813).

o Expansion: P, calculated up to O(A\3) and P, calculated up to O(A\?) in s13 and a.

For the scenario with decay, we show the comparison of the numerical results with
three analytic expansions:

e OMSD: P, and P,, calculated in the OMSD approximation, with exact dependence
on s13, 71", 74" and 7§ (Note that the non-zero 3 leads to non-zero 77", v4* and {3
in the OMSD basis).

o Expansion: P, calculated up to O(\?) and P, calculated up to O(\?) in s13 and «,
with exact dependence on ~s.

o Full-Expansion: P, calculated up to O(A3) and P, calculated up to O()\?) in s13, v
and 3.

Note that Expansion is always an improvement analytically over Full-Expansion. We
quantify the accuracy of these analytic approximations in terms of the quantity

AP,3 = P,p(analytic) — P,g(numerical) . (7.2)

We first show the comparison for the next-generation long-baseline neutrino experiment
DUNE with L = 1300km, and then for a hypothetical “magic-baseline” [60] experiment
with L = 7000 km. Later we discuss the utility of our analytic approximations over a wide
range of energies and baselines.

7.1 At a baseline L = 1300 km

The future long-baseline experiment DUNE has the energy range E, ~ 0.5-10 GeV, and
baseline L ~ 1300 km. The oscillation probability, when the detailed earth density profile
is taken into account, may be reproduced very accurately when the approximation of a
constant density pave ~ 3 g/cc along the path of the neutrino is used. Our numerical results
have been calculated with this constant density approximation.
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Figure 1. The top panels show probabilities P, in the scenarios without (left) and with (right)
decay, for L = 1300km and 3 = 0.1. The bottom panels show the absolute error |AP,,| for the
analytic expressions shown. The thick (thin) curves indicate positive (negative) signs of AP,,. The

dashed vertical line at E, ~ 0.8 GeV corresponds to AMA = 1, to the left of which the expansion in
3 is not expected to be valid.

In figure 1, we compare the probabilities P,,, obtained from the analytic expressions

with the exact numerical results, in the scenarios “without decay” and “with decay”. We
can make the following observations:

For the scenario without decay, analytic expressions — both with OMSD as well
as the Expansion — reproduce the dip and peak positions quite accurately. The

probability of the first oscillation peak as well as the dip (the ones at highest energies)
is also very well reproduced.

For the scenario without decay, the Expansion method gives the probability with

|AP,,| < 1% for energies £, > 1GeV. This is expected from results in earlier
literature.

e For the scenario with decay, the height of the first oscillation peak reduces all the
way from 1 to 0.6 (for 43 = 0.1). Our analytic expressions predict this, since the
contribution of 43 to P, has been shown to be O(X). This could, therefore, be one
of the most prominent signatures of the decay of vs.

The positions of dips and peaks are predicted quite accurately by all our approxi-
mations. The Expansion method (the dependence on 73 exactly calculated) gives an
accuracy of |[AP,,| < 1% for the whole energy range of 0.5-10 GeV.
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Figure 2. The top panels show probabilities P,. in the scenarios without (left) and with (right)
decay, for L = 1300km and 3 = 0.1. The bottom panels show the absolute error |AP,| for the
analytic expressions shown. The thick (thin) curves indicate positive (negative) signs of AP,.. The
dashed gray vertical line follows the same convention as that mentioned in figure 1.

o Note that for the first as well as second oscillation dip (as counted from the highest
energies) the probability P,, in the scenario with decay gets a non-zero value, though
it was zero for the scenario without decay. This is a curious observation, although
one that can be explained via our analytic expressions. The explanation as well as
the implications of this will be further expanded upon on section 7.4.

Our analytic approximations in the both the scenarios with and without decay become
less accurate become less accurate for lower values of energies (i.e. higher values of A). This
is expected since at lower energies we approach the regime where Am3; oscillation is also
important or the term describing decay is no longer linear in v3A (the latter only affects
the Full-Expansion results).

In figure 1 (and also in later figures), we observe many sharp dips in the |[AP,3| at
many discrete values of energies indicating that |AP,g| = 0. This should not be taken
as a measure of absolute accuracy since this simply happens at the energies where the
values from analytic expressions coincidentally match the numerical results (the curves
corresponding to analytic expressions “cross” the curves obtained numerically).

In figure 2, we compare the probabilities P,. obtained from the analytic expressions
with the exact numerical results, in the scenarios without decay and with decay. We can
make the following observations:
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« As in the case of P,,, the dip and peak positions in both the scenarios without and
with decay are reproduced quite accurately in all approximations.

e The values of probabilities are reproduced very well with OMSD as well as the
Expansion method for the scenarios without and with decay, with [AP,.| < 1% for
energies F, > 1GeV.

e For the scenario with decay, the height of the first oscillation peak reduces from
~ 0.065 to ~ 0.050 (for v3 = 0.1). Since the absolute decrease in probability is quite
small, it would be difficult to isolate the effect of decay in P, channel for this baseline.
This is expected since our analytic expression show that the leading term in P, is
itself O(A?), while the leading order modification due to 73 is at O(\3).

Since the accuracy of our analytic expressions is better than 1% in probability and the
accuracy of probability measurement at an experiment like DUNE may reach ~ 1%, one
may be able to identify the effect of neutrino decay, which may lead to O(\) modifications
in the probability P,,.

7.2 At a baseline L = 7000 km

The magic baseline of L = 7000 km [60, 61] has been discussed extensively in the literature,
since the probabilities at this baseline are almost independent of the unknown CP phase dcp.
As a result, the 3-neutrino oscillation problem may be crafted into an effective 2-neutrino
oscillation problem using the OMSD approximation, which is detailed in section 3. The
OMSD approximation is expected to work very well in this regime, as has been pointed
out earlier [52]. Although no experiment is currently planned with this magic baseline, we
present our results at this baseline to point out the power of OMSD approximation even
when neutrinos decay.

We take the energy range of F, ~ 2-25GeV. At L = 7000 km, the constant average
density approximation of the Earth is expected to yield quite accurate neutrino probabilities
with the PREM-averaged density pave = 4.15 g/cc [52]. In figure 3 we compare the
probabilities P,, obtained from the analytic expressions with the exact numerical results in
the average density approximation, in the scenarios without and with decay, for L = 7000 km.

The following observations can be made:

e For the scenario without decay, analytic expressions — both with OMSD as well as
the Expansion — reproduce the position of dips and peaks of the oscillation quite well.
The OMSD approximation especially reproduces the heights of the first oscillation
peak and the dip (from high to low energy) very accurately. This is expected behavior
as seen in earlier literature.

e For the scenario without decay, the Expansion method gives the probability with
|AP,,| < 4% in all energies of interest except for E, ~ 5-10GeV. The OMSD
approximation yields results accurate to |AP,,| < 4% for all £, 2 7GeV.

o The oscillation peak (counting from high to low energies) may be seen to have shifted
marginally. This gives rise to the seemingly large values of |[AP,,|. However, given
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Figure 3. The top panels show probabilities P, in the scenarios without (left) and with (right)
decay, for L = 7000km and 3 = 0.1. The bottom panels show the absolute error |AP,,| for the
analytic expressions shown. The thick (thin) curves indicate positive (negative) signs of AP,,,. The
dashed vertical line at E, ~ 4.5 GeV corresponds to AA = 1, to the left of which the expansion in
~3 is not expected to be valid.

the expected errors on the measurement of neutrino energy this shift of 0.1-0.2 GeV
is quite negligible.

For large energies the OMSD approximation is always below the numerically calculated
probability by AP, ~ 2% in the energy range shown. This is primarily because
the OMSD approximation ignores the contribution due to Am3,. The error in the
Expansion method however goes down to < 1% at higher energies.

For the scenario with decay, the height of the first oscillation peak reduces from 0.65
to 0.4 (for 43 = 0.1). This is in line with the expected modifications at the leading
order that arise due to v3 decay. We also observe significant reduction of probabilities
at the second and third oscillation peaks from ~ 0.95 to ~ 0.4, which may prove to
be a promising signature of neutrino decay.

The positions of dips and peaks are predicted quite accurately by all our approxima-
tions. The OMSD as well as the Expansion method (the dependence on ~3 exactly
calculated) gives an accuracy of |AP,,| < 4% for the whole energy range.

Again, similar to the observations made for P, in the previous subsection, for the first
as well as second oscillation dip (as counted from the highest energies) the probabilities
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Figure 4. The top panels show probabilities P,. in the scenarios without (left) and with (right)
decay, for L = 7000 km and 3 = 0.1. The bottom panels show the absolute error |AP,| for the
analytic expressions shown. The thick (thin) curves indicate positive (negative) signs of AP,,. The
dashed gray vertical line follows the same convention as that mentioned in figure 3.

in the scenario with decay become non-zero. This interesting feature is observed to
be more prominent at 7000 km baseline, with as much as 10% of muon neutrinos
surviving at the first oscillation dip.

In figure 4, we compare the probabilities P,. obtained from the analytic expressions
with the exact numerical results, in the scenarios without and with decay. We can make
the following observations:

o Similar to all the previous cases, the dip and peak positions in both the scenarios
without and with decay are reproduced quite well in all approximations. The OMSD
approximation also predicts the heights of the oscillation peaks and dips quite well.

 The probabilities are reproduced very well with the OMSD approximation; |AP,,| <
1% for all energies, with or without decay.

e The Expansion method predicts too large a conversion probability and hence is not
suitable for comparing with precision measurements of P,. at L = 7000 km.

e For the scenario with decay, the height of the first oscillation peak reduces from ~ 0.3
to ~ 0.16 (for v3 = 0.1). This is a quite significant decrease and definitely within the
domain of measurability if indeed 3 ~ O(0.1).
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To summarize, at the magic baseline of L = 7000km, both P,, and P, would serve as
channels to look for neutrino decay and the OMSD approximation works extremely well at
the magic baseline for explaining the features of the probabilities.

7.3 Over a wide range of baselines

In the previous two subsections, we explored the nature of P, and P, at L = 1300 km, and
L = 7000km. It was observed that the Expansion method gave very accurate estimations
at L = 1300km, whereas the OMSD approximation gave more accurate results at the
baseline of L = 7000 km. Thus, the values of baselines determine how good a particular
approximation would be. In this section, we examine the goodness of the expressions for
varying lengths of neutrino long baseline experiments from L ~ 30-10,000km. For these
baselines, the neutrinos travel mainly through the crust and mantle of the earth and hence
the approximation of constant matter density, which is the average density along that
baseline, is expected to work. We show our results for energies ranging in 100 MeV-30 GeV.
Note that we take dcp = 0, however the accuracy of the expressions would also have a small
but finite dependence on the actual values of the dcp.

In figure 5 we show the regions in the (F,, L) parameter space where OMSD approxi-
mation and the Expansion method are able to reproduce the neutrino probabilities to an
accuracy of |AP,3| < 1%. Note that since Expansion (with exact dependence on 73) is
always expected to formally do better than the Full-Expansion (expanded in s13, o and ~3)
we do not show the results derived with the Full-Expansion method. It may be observed
from figure 5 that, at smaller baseline and larger energies, both the analytic approximations
give very accurate results. Especially for P, at L > 7000 km, the OMSD approximation
works excellently for energies F, > 1 GeV.

7.4 The first two oscillation dips in P,,

We also point out, for a wide range of baselines of neutrino oscillation experiments, one
interesting physics observations that could manifests due to the modifications from neutrino
decay. At leading order in the absence of decay, the dips in the oscillation are approximately
obtained when A = (2n + 1)7/2 (where n =0,1,2,...). At an oscillation dip, the leading
contribution to the survival probability P,, may be written using eq. (5.17) as

P}ﬁ?ding(dip) -1 sin2 2923 o 84213 (1 _ 6*4’}’3A) —+ 2333033 (1 — @*273A) . (73)

The last two terms are non-zero only when 3 # 0. Hence, the deviation of P}iadmg (dip)
from cos® 26,3 indicates the presence of neutrino decay. In particular, if fa3 = 45°, the
value of P, at the dips would be predicted to be vanishing for the scenario without decay.
However, they could be significantly non-zero with decay.

At the first oscillation dip, we get

2

- 1
Py (first dip) ~ PdME(A ~ 7/2) = 1 (1—e™3)" >0, (7.4)
while at the second oscillation dip,
. 1 2
P, (second dip) ~ P;lf;fdmg(A ~ 37/2) ~ 1 (1 - 6_37W3) >0. (7.5)
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Figure 6. The survival probabilities P, at the first (left) and the second (right) oscillation dips for
a range of baselines L. We have taken 623 = 45° and y3 = 0.1. Note that the values of P,,, without
decay are non-zero primarily due to Earth matter effects.

Both the dips, therefore, are expected to give non-zero values for the survival probability
P,,. It is also predicted that the survival probability at the second oscillation dip would be
more than that at the first oscillation dip. For «3 = 0.1, we obtain from these two equations,
P, (first dip) ~ 1.8% and P,,(second dip) ~ 9.3%, i.e. an increase of about ~ 0.02 at the
first oscillation dip, and ~ 0.1 at the second oscillation dip. While this is just a leading
order approximation, we show in figure 6 the numerical results for a range of baselines,
which bear out the predictions regarding the effects of decay extremely well.

This increase in probability may be used as a potent non-trivial signature of neutrino
decay. This is especially true for the second oscillation dip, where we get an increase of ~ 0.1
in probability in the presence of decay (with 3 = 0.1). Note that the second oscillation dip
is at energies

E, ~0.69 ( ) GeV, (7.6)

L
1000 km
indicating that its identification would need good energy resolution at lower energies or
longer baselines. On the other hand, at an experiment like DUNE the first dip is expected
at ~ 2.7GeV, where the flux is sufficiently large and distinguishing the measured survival
probability from its prediction without decay may be possible.

8 Summary and conclusions

In this paper, we have presented for the first time, the modifications to the 3-flavor neutrino
oscillation probabilities due to possible invisible decay of neutrinos during their propagation
through matter. We give compact analytic expressions for the probabilities P, Pec, Pe, and

P

e, which are relevant for the reactor, long-baseline and atmospheric neutrino experiments.

The inclusion of decay leads to a non-Hermitian effective Hamiltonian, where the
Hermitian component is responsible for oscillations, and the anti-Hermitian component
gives rise to invisible decay of neutrinos. These two components may not commute in
general, leading to a mismatch between the mass eigenstates and the decay eigenstates of
neutrinos. Even if these components commute in vacuum under certain scenarios, they
invariably become non-commuting due to matter effects on propagating neutrinos.
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Since the constraints on vy and v decay in vacuum are quite stringent, we specially
discuss the scenario where only the 3 mass eigenstate in vacuum decays. However, we also
treat the most general scenario where the decay matrix I' has all non-zero components. Such
a scenario may be relevant in the case of exotic matter effects in the decay of neutrinos.

Our analytic treatment is based on the perturbative expansion in a small book-keeping
parameter A = 0.2. The small parameters relevant for neutrino oscillations are taken to
be s13 = sinfi3 ~ O()\), a = Am2,/Am3, ~ O(\?). The decay parameter 3, based on
the current constraints is taken to be 73 ~ O(\). In the most general decay scenario, the
requirement that the decay length-scale should be more than the oscillation length-scale,
along with the positive definiteness of the decay matrix, conservatively allows 1, v2, Y12 ~
O(X?) and 13, 723 ~ O(N?).

The One Mass Scale Dominance (OMSD) approximation is applicable when the oscilla-
tion due to Am2, can be ignored and only the v3 mass eigenstate in vacuum decays. The
2-flavor results from [45] can then be directly adapted, and the Pauli exponentiation of 2 x 2
matrices can be implemented. This allows us to calculate the oscillation probabilities with
exact dependence on 075, 71", 75" and {3, where ‘m’ denotes quantities in the presence of
matter. The probabilities obtained with OMSD approximation have no dcp dependence.
Interestingly, even though we have started with only v3 decaying in vacuum, both mass
eigenstates in matter, v{"* and v§*, show decaying behavior.

The Zassenhaus expansion (inverse Baker-Campbell-Hausdorff), in its resummed version,
can be used to incorporate the non-commuting nature of the Hermitian and the anti-
Hermitian components of the effective Hamiltonian. This allows the calculation of the
probability as a perturbative expansion in the small off-diagonal components of the decay
matrix I'. The 2-flavor Zassenhaus resummation can be used in conjunction with the OMSD
approximation to obtain explicit analytic expressions for the probabilities, exact in 075, ",
~4", and expanded up to linear order in 773. When 074 ~ 013 ~ O()), these expressions match
at O(\?) with the exact OMSD results obtained using the Pauli exponentiation technique.

We develop the 3-flavor Zassenhaus expansion which expands the applicability of the
probabilities beyond the OMSD approximation. This allows us to calculate the probabilities
exact in diagonal elements, and correct up to the first order in the off-diagonal elements, of
the decay matrix I'. We find that the effect of 3 on the probability P,, occurs at O(\),
whereas its effect on Pe., P, and P, occurs at O(/\3). This indicates that the effects of g
decay would be the most prominent in the P, channel. In the most general decay scenario,
when all elements of I' are present, the effects of the additional decay terms appear at O(\?)
and higher orders in A. Therefore, they are subdominant to the effects of ~3, which appear
at O(\). On the other hand, these contributions to P, P., and P, are at O()\3), which
are at the same order as the leading order contribution due to ;.

In our perturbative calculations, we have expanded in parameters si3, o, 7;, 7i; in
vacuum, whose values are known to be small. In the presence of matter, one may expect
to obtain the corresponding expressions by replacing all parameters with their matter
counterparts. However, the values of some of these quantities in matter (s73, am, 17", fygb)
may not be small. Therefore, for formally correct expansions in orders of ), it is desirable
to have explicit matter dependence. We achieve this by employing the Cayley-Hamilton
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theorem which allows the calculations of probabilities in matter in terms of the fundamental
quantities s13, @, v;, and ;; in vacuum, which are definitely small.

In the simpler case where only v3 decays in vacuum, we use the Cayley-Hamilton theorem
to calculate the neutrino probabilities P, Pee, Pey, and Py analytically. These probability
expressions are perturbative expansions in si3, o and 3, with explicit dependence on the
normalized matter potential A. They confirm that even in the presence of matter, the effect of
v3 decay manifests at O(\) in P,,, whereas for Pee, P, and P, the effects of decay occurs
at O(A\3). Moreover, the decay contribution to P, is independent of matter effects up to
O(X\?). For P, P,,, and P,., we observe that the decay contribution has matter dependence,
with P, and P, having the sin?[(A—1)A]/(A—1)? dependence similar to the terms without
decay. We extend our calculations further to include the exact dependence on 3 (with
expansion in s13 and «) to point out the phenomenologically rich functional dependence
of the probabilities on 3, in addition to the naively expected exponential decay terms.

In the general case where all the elements of the decay matrix I' may be non-zero, we
calculate the additional contributions due to 71, 2, v12, 713 and ~23. We observe that even
in matter, the effects of these additional decay elements on P, appear at O()\?) or less,
compared to the effects of 73, which appear at O(X). Thus, these off-diagonal terms will
not significantly affect the signatures of decay in P,,. As observed earlier, for Pe., P, and
P, the effects of these elements remain as important as the 73 contribution, all appearing
at O()\3) even in matter.

Our analytic observations have helped us get insights into the impact of possible neutrino
decay on the probabilities and estimate the extent of this impact qualitatively in terms of
an expansion in A. Finally, we compare our analytic expressions with the exact numerical
results, calculated for long-baseline experiments. For illustration, we take L = 1300 km,
which is close to the baseline of the Deep Underground Neutrino Experiment (DUNE) and
L = 7000 km, which corresponds to the “magic baseline”. Our comparison of P, and P,
shows that all our analytic approximations reproduce the peak and dip positions in the
probability quite accurately. As far as the values of the probability are concerned, the
“Expansion” (obtained using the Cayley-Hamilton theorem) is a very accurate analytic
approximation at L = 1300 km, with |[AP,3| < 0.01 at energies more than a few GeV. The
OMSD approximation gives results with such accuracy at L = 7000 km. The expected
leading order effects of the decay, at O(\) on P,,, are confirmed with the numerical
calculations. We show the regions in the (E,, L) parameter space where our two major
analytic approximations, viz. OMSD approximation and Expansion, give results correct to
|AP,s| < 0.01. These indicate that our approximations work very well for lower values of
A =Am3,L/(4E,).

The primary aim of our analysis has been to obtain physics insights from the approximate
analytic expressions. We reiterate some of the key insights below:

e In the OMSD limit, the propagation of v{* and v5" in matter is relevant. It can be
seen that even for the scenario where only the v3 vacuum mass eigenstate decays, in
matter we get decaying behavior for both the matter mass eigenstates (v* and v3").
Further, we also inevitably obtain a nonzero value for the off-diagonal term ~{3.
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e From P,,:

(i) In the absence of decay, the leading order contribution to P,, is O(1). The
corrections to P, due to decay are of O()). Thus, neutrino decay may affect
the probability P, significantly.

(ii) The leading corrections due to decay do not depend on matter effects.

(iii) These leading corrections have s3; dependence, and hence break the octant
degeneracy in P,, to O()), while 013 terms and the matter effects can break the
octant degeneracy only to O(A\?).

o From P,:

(i) In the absence of decay, the leading order contribution to P, is O(A?). The
corrections to P,. due to decay are of O(A3).

(ii) These leading corrections due to decay terms depend on matter effects and are
proportional to s%5. Due to matter effects, the decay contribution is affected
non-trivially at the oscillation peaks.

Furthermore, in the 2-4 GeV range, where we expect the maximum number of appearance
events in DUNE, the analytic expansion with the exact 3 dependence is accurate up to
~ 0(0.1)% for P, and ~ O(0.1-1)% for P,,. This makes these expressions particularly
suitable for exploring the physics of neutrino oscillations and decay in DUNE and other long-
baseline and atmospheric neutrino experiments, where matter effects play an important role.

Analytic approximations often reveal hidden features of interest which may not be
immediately apparent while looking at numerical results. This makes analytic approxima-
tions extremely useful as an indicator of new physics effects. We observe such features
in the heights of the dips in the muon neutrino survival probability FP,,. Our analytic
approximations, at their leading order, suggest the non-intuitive result that the probabilities
at these dips would have higher values in the presence of decay, compared to those in the
absence of decay. This conclusion is born out by the exact numerical calculations and stays
valid even in the presence of matter at long baselines. The increase in this probability may
be as much as ~ 0.02 at the first oscillation dip, and ~ 0.1 at the second oscillation dip, for
~v3 = 0.1. This feature may be useful as a unique sensitive signature to confirm the presence
of possible neutrino decay, or put strong constraints on it.

The analytic expressions derived in this paper are suitable for all current and upcoming
long-baseline neutrino experiments, as well as for atmospheric neutrino experiments, where
matter effects play a significant role.
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