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Decay of superluminal neutrinos in the collinear approximation
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The kinematics of the three-body decay, with a modified energy-momentum relation of the particles due
to a violation of Lorentz invariance, is presented in detail in the collinear approximation. The results are
applied to the decay of superluminal neutrinos producing an electron-positron or a neutrino-antineutrino
pair. Explicit expressions for the energy distributions, required for a study of the cascade of neutrinos
produced in the propagation of superluminal neutrinos, are derived.
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I. INTRODUCTION

In a theory of quantum gravity (QG), our classical notion
of spacetime will surely be modified. It is natural to expect
that the symmetries associated with the structure of
spacetime (Poincaré invariance) will then also be modified.
There are in fact indications from some candidates of QG
that the Lorentz symmetry could be violated or deformed at
very high energies [1-5]. Lacking an understanding of the
origin of the departure from Lorentz invariance, it is an
open question how this departure will affect different
particles. Neutrinos are very especial ingredients of the
Standard Model of particles physics (SM) due to their
quantum numbers (behavior under the different inter-
actions). This peculiarity may well be behind the origin
of their extremely small masses and makes them very good
candidates to look for physics beyond the SM, including a
possible violation of the Lorentz symmetry. A manifesta-
tion of this violation is a modification of the standard
relativistic expression for the energy as a function of the
momentum, which, for Planckian (or another effective
high-energy scale) corrections, will be more important at
higher energies. In the case of modifications for which a
higher value of the energy for a given momentum corre-
sponds to a higher velocity (derivative of the energy with
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respect to the momentum) than in special relativity (SR),
neutrinos can become superluminal as a consequence of the
Lorentz invariance violation (LIV).

There has been impressive progress in the possibility of
observing neutrinos of increasingly higher energies, includ-
ing the recent observations of high-energy astrophysical
neutrinos up to energies of the order of PeV [6-8]. There are
prospects to extend this energy range by 3 orders of
magnitude (EeV) in the near future (see the last section
of Ref. [9]). These observations would be affected by the
modifications in the propagation of the neutrinos from their
sources to their detection in the presence of LIV. In
particular, superluminal neutrinos are no longer stable
particles, being able to decay, producing an electron-
positron pair or a neutrino-antineutrino pair, through the
weak interaction. These decays would lead to a suppression,
stronger at higher energies, of the detected flux of neutrinos.

After the initial claim on superluminal propagation by
the OPERA experiment in 2011 [10], a number of
theoretical models involving superluminal neutrinos were
discussed in the literature [11-15]. Superluminal neutrinos
can decay producing an electron-positron pair if the relation
between the energy and momentum for electrons and
positrons is not modified or if the modification is smaller
than in the case of neutrinos. One can assume that this
is the case, since there are very stringent limits on such a
modification of the energy-momentum relation for elec-
trons ([16-21]; see additional references in [22]); in fact,
the inferred sensitivities for LIV in neutrinos that one would
get from experiments involving the charged-lepton sector
using gauge invariance arguments would exceed typical
constraints in the neutrino sector by several orders of
magnitude [23].

The investigation of phenomenological consequences
of the decay of superluminal neutrinos involve the
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computation of decay rates in a LIV framework. This has
mainly been studied in the case of new dimension 4
(d = 4) operators in the free Lagrangian for the neutrino
field, which gives a velocity of propagation for the
neutrino which is different from ¢ and is energy-
independent. Such a modification was used in the context
of the former OPERA anomaly to give a first estimate of
the production of an electron-positron pair by a super-
luminal neutrino by Cohen and Glashow [24]. Detailed
calculations trying to reproduce the Cohen and Glashow
result in different frameworks were given in Refs. [25—
27]. In particular, Ref. [25] showed that the result for the
decay rate that is derived from a Lagrangian containing
LIV terms is different from the Cohen and Glashow result,
and depends on the explicit form of the interaction terms
in the Lagrangian, computing the decay width for two
different models (“model I’ and “model II” [25]). These
two models corresponded to the “second example” and
“fourth example” of Ref. [27] (while the “first example”
corresponded to the Cohen and Glashow result), where the
dependence of decay rates on the choice of the dynamical
matrix elements was also examined. Moreover, Ref. [27]
considered different choices of modified dispersion rela-
tion for neutrinos, going beyond the case of an energy-
independent velocity.

The choice of the model II in Ref. [25] and of the fourth
example in Ref. [27] was motivated by a gauge invariance
argument, which, as we will explain, is not satisfactory.
There are in fact some concerns about the theoretical
consistency of a scenario where all the effects of LIV
are restricted to the neutrino sector. In the extension of the
SM within the effective field theory framework [1], one
considers all possible terms involving the SM fields
compatible with the gauge symmetry of the SM. This
would lead to gauge covariant derivatives, instead of the
usual derivatives, acting on the SU(2) doublet of left
handed fields, including the neutrino and charged lepton
fields. Then, one would have, in principle, together with the
LIV corrections on neutrinos, a similar correction on
the charged leptons, which may be incompatible with
the above mentioned constraints in the charged lepton
sector. It is a technical curiosity that, as explained in
Ref. [28], one can have different LIV parameters for a
charged lepton and its neutrino in gauge-invariant models
under a restricted set of gauge transformations, within
the SU(2), gauge group, if the models only involve the
interaction with the Z° [so that the interaction Lagrangian is
diagonal in SU(2), space]. The model II in Ref. [25] and
the fourth example in Ref. [27] are precisely examples of
this situation. Indeed, a limitation of all the above men-
tioned calculations of decay rates of superluminal neutrinos
is that they were made considering only the neutral weak
current. The complete model, however, contains the
charged weak current, which means that the introduction
of a LIV term at the level of the covariant derivatives is not

a way to reconcile gauge invariance with a LIV affecting
differently neutrinos and charged leptons.

There remain two possibilities to escape the argument
that the LIV corrections should affect equally neutrinos as
charged leptons. The first one is to assume that LIV
corrections involve the lepton fields only through the gauge
invariant product of the Higgs doublet and the lepton
doublet [27]. Then, one can use derivatives of the invariant
product and, when one replaces the Higgs doublet by its
vacuum expectation value, the invariant product reduces to
the neutrino field multiplied by a constant and one can
obtain a LIV term involving only the neutrino field. This is
one way to generate LIV effects affecting only the neutrino
sector consistently with the gauge invariance of the SM.
A more speculative alternative is the possibility that,
together with the loss of Lorentz invariance, one had also
to consider a departure from the gauge symmetries defining
the Lorentz invariant SM. Indeed, as argued in [29], LIV
violates gauge invariance within general relativity. Lacking
a well-defined origin of the (possible) corrections to the
SM, and also taking into account the very special role that
neutrinos play within the SM, one should keep an open
mind on the possibility of a relation between the violation
of the Lorentz and the gauge symmetries of the SM, as
previously pointed out in [29,30]. Any of these two
possibilities leads to the introduction of LIV terms at the
level of the free Lagrangian for the neutrino fields, and
excludes these terms at the level of the interaction with the
gauge fields.

As indicated above, LIV effects motivated by quantum
gravity are expected to become more relevant as the energy
increases, which means a velocity of superluminal neu-
trinos which depends on the energy, or, more precisely, on
(E/A)", where A is the quantum-gravity-motivated LIV
scale and n the order of the correction. The linear case,
n = 1, corresponds to d = 5 operators in the Lagrangian,
and the quadratic case, n = 2, to d = 6 operators. Besides
this motivation, a correction due to LIV in the neutrino
energy-momentum relation increasing with the energy
provides a natural mechanism for the suppression of
LIV effects at low energies, where one has the more precise
tests of Lorentz invariance.

In [31], a first attempt to consider n = 2 Planck-scale
suppressed LIV effects on the cosmogenic neutrino spec-
trum was presented. An estimate of the decay width of a
superluminal neutrino into three neutrinos (neutrino split-
ting), based on a rough approximation of the integral over
the phase-space volume of the three particles in the final
state, led to the prediction that one would have a cutoff at an
energy in the interval (10'8 eV, 10! eV), preceded by a
bump in the cosmogenic neutrino spectrum. Motivated by a
hint of a suppression in the final part of the flux of
astrophysical neutrinos detected by IceCube [32], a study
of the possible effects of n =1 and n =2 LIV in the
neutrino astrophysical spectrum at energies around the
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PeV scale was pursued in [33,34], using the expressions of
the decay width which had been obtained by the explicit
calculations of Ref. [27]. The numerical results in Ref. [33]
contained, however, some uncertainties, because of two
facts: the computation of Ref. [27] only included the pair-
creation process, and only through the Z° exchange.
Neutrino splitting had been the subject of a detailed
calculation in Ref. [35], but only in the energy-independent
(but flavor-dependent) velocity case.

The aim of this work is to go beyond the previous
limitations and present a calculation that allows one to
include both the neutrino splitting process and the charged
weak bosons exchange in the computation of the decay
width for a generic n > 0 (n € N) neutrino superluminal
case. We will do that by considering systematically the
three-body decay of a superluminal particle and will use
this approach to determine the energy distribution of
neutrinos in the decay of a superluminal neutrino. This
may be useful for more detailed studies of the possible
effects of this kind of LIV in the propagation of very high-
energy superluminal neutrinos. The near future prospects to
have a more precise determination of the neutrino astro-
physical spectrum at energies above the PeV going up to
EeV are a good motivation for such studies.

We will begin by briefly reviewing the introduction of
superluminal neutrinos in the field theory framework in
Sec. II. As mentioned above, this will be done by including
a LIV term of dimension 4 + n in the free Lagrangian of the
neutrino fields. In Sec. III, we present in detail the collinear
approximation to the three-body decay of a superluminal
particle, which is the main novelty of this work. This
approximation is relevant when studying LIV corrections in
a variety of situations in high-energy astrophysics, includ-
ing the decay of a highly energetic particle. Indeed, in the
following section we will apply the results of the collinear
approximation to the decay of a superluminal neutrino
producing an electron-positron pair (Sec. IVA) and a
neutrino-antineutrino pair (Sec. IV B) for a LIV correction
relevant to quantum gravity phenomenology (n > 0).
We present a summary of the results in Sec. V.

II. MODIFIED DISPERSION RELATION FOR
SUPERLUMINAL NEUTRINOS

We are going to consider the effects of LIV on the
neutrino sector of the SM by adding to the SM Lagrangian
a LIV correction, compatible with rotational invariance,
involving only the neutrino fields. In order to make this
correction compatible with the very stringent limits on LIV,
we assume that the LIV correction in the Lagrangian is a
quadratic term in the neutrino fields with (n + 1) deriva-
tives, so that its coefficient is the nth power of the inverse of
a new energy scale (A) parametrizing the LIV. Neutrino
masses are irrelevant in the decays of superluminal neu-
trinos, which is the effect of the LIV correction we are

going to study in this work, so we will treat them as
massless particles.

When treating the LIV as a first order correction to the
Lorentz invariant SM Lagrangian, one can use the SM field
equations to reduce the number of LIV terms. This means
that in the terms quadratic in the neutrino fields one can
replace any space derivative by a time derivative. As a
consequence of the previous argument, one has a single
LIV term in the Lagrangian

v 1 _ .
E(Ll)v = _FVIL}’O(laO) 7 (1)

where the subindex L refers to the left-handed chirality
of the neutrino fields, / refers to the three types of neutrinos
(e, u, 7), and we assume that there is no flavor dependence
in the LIV terms, avoiding constraints from neutrino
oscillations. The choice of the sign in front of (1) is
arbitrary and will be discussed later.

The LIV term in the Lagrangian modifies the free theory
of the neutrino field. When we introduce a plane-wave
expansion for the neutrino field

- L > Entl
{VOE——Y k—y An}ﬁ(k)ZO,
. L ETT -
|:]/OE+ 4 k+ ( 1)n+1]/07:| @(k) =0 (3)

In the chiral representation for the Dirac matrices, the
spinors ii, ¥ can be written as it = (y,0)7, 7 = (n,0)7, and
the bispinors y, 7 satisfy the equations

@ Ry = - (B -5 )b

The matrix (5 -k) has two eigenvalues =+|k|. Then we

conclude that the relation between the momentum (l;) and
the energy (E_) for a neutrino is

o 5 ErH»l
kl=E_————, 5
f=p -5 )

and the relation between the momentum (I_é) and the energy
(E,) for an antineutrino is
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o En+1
_ i 154+
We see then that, for the choice of minus sign in (1),
when 7 is even, both the neutrino and the antineutrino are
superluminal, while in the case of n odd the neutrino is
superluminal and the antineutrino is subluminal. If we
considered a positive coefficient in (1) instead, any super-
luminal state would become subluminal and vice versa.

III. THREE-BODY DECAY KINEMATICS:
COLLINEAR APPROXIMATION

We present in this section a general analysis of the three-
body decay, A(p) — Bi(p1) + Ba(p2) + B3(p3), of a
superluminal particle (A), with a momentum p and energy
E, into three particles (B;, i = 1, 2, 3), with momentum p;
and energy E;, We will consider the high-energy limit
where one can neglect masses.

We will assume an energy-momentum relation for each
particle

G I

where A is the energy scale which parametrizes the LIV
energy-momentum relation of the superluminal decaying
particle (A). The dimensionless coefficients (@;) are intro-
duced to consider the possibility to have different energy-
momentum relations for the particles in the final state. We
will consider two cases (n = 1, 2) for the exponent in the
LIV (linear, quadratic) first contribution to the energy-
momentum relation in an expansion in powers of (E/A)
and (E;/A).

If one neglects terms proportional to the ratio of the
energy and the scale of LIV in the energy-momentum
relation of the particles, as in SR, the conservation of energy
and momentum requires the momenta of the four particles to
have the same direction in the high-energy limit. Then,
considering a LIV scenario, the angles between the different
momenta will be very small if (E/A) < 1. In fact, as we will
check later, the square of the angle between any two particles

|

—1p:))* _

is proportional to (1/A)". This is what we call collinear
approximation, which will be used along the work.
We assume a (spin averaged) squared decay amplitude
for a three-body decay given by
|A|2 = N|p|p1| P2l p3|(1 =P~ p1)(1 = pa- p3), (8)
where A/ is a momentum independent constant and
D = (¥/|v|) is a unitary vector. The factor (1 — p - p;)(1 —
Pa - P3) will be of order O((1/A™)?); this fact will allow us
to consider any other multiplicative factors involved in the
calculation at dominant order only. Then, the final state

three-body phase space can be approximated at dominant
order by

¥ PP
Pps™ H 2)%2|p

[ ]2;145( ZE>53( Z*)
9)

The differential decay width will be given by

1
dr’ = ELAP(DP& (10)

and the full decay width will be

ks [ oa)e- o)y (-9
(11)

Prior to the integration over the three momenta, one can
first identify the relation between the two angular depen-
dent factors in the integrand of (11). Those factors appear in
the square of (p — p;) and (p, + p3), respectively,

X (L=p-p)(1=psy-p3).

(F=p1)?=pI= 151> + 201 [(1 =P p1).

(P2+ P3)* = (IPal + 1P31)* = 21p21Ps (1 = P2+ p3). (12)

-

Then, from the conservation of momentum, p — p; =
P> + D3, one gets

(1P2] +1Ps)* = (1P|

1 =Dy p3 =
( 2 Pa) = 2|pa|psl
L 1Bl= 17|
| || 3l

n X
1 n+1 _ 1 1=%-p ,
X2 X3 { +Zax ]( ) xzxs( P )

(IP2] + P3| + 1P1] =

pllp .
BIAL G
| P23l

. |PIP] -
P) ==z (L=P - P1)
|P2||P5]

<

'"We will show in the next sections that this expression applies to the squared amplitude of the weak decays of superluminal neutrinos.
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A

p—p1

N

¥ T

FIG. 1. Cones of possible directions of the first and second
particles of the final state. The direction of the second particle can
be integrated in terms of the direction of the first one (right
picture), and the direction of the first particle can be integrated
using the spherical symmetry of the system (left picture).

where in the last step we have introduced the energy
fraction variables x; = (E;/E).

Additionally, the conservation of momentum can be used
to integrate one of the three momentum variables, for
example, p;. The other two momenta (p;, p,) should be
integrated within a cone of aperture ™%, as shown in
Fig. 1. The integral over p, can be done as a function of the
direction of p;. For that, let us use spherical coordinates
whose z axis is given by the direction of the vector (p — p,)
(Fig. 1, right). In order to cover all the cone, one can make
the azimuthal angle go from 0 to 2z, which gives a factor of
2z, while 8,, the angle between the two vectors (p — p)
and p,, must go between two functions of p;. Even if these
functions could be complicated, one can perform the
integral over 6, using the energy Dirac delta in the
following way. From the expression of the square of the
momentum p3, one gets
1= P2)°

=(p-
p—pil> + 102 -

p
-p 2|ﬁ—l_51||52|005929 (14)

then, as the direction of p and p; are fixed, one can relate
the angle 6, with the energy fraction x5 as

X3

d(cosy) = —— 75| d|ﬁ3|z—( dxs.  (15)

|P—ﬁ1”l’2| 1—xp)x,

This way, the integral over the angular variable 8, can be
expressed as an integral over x3, where we can use the
energy delta to integrate. Now, we have to perform the
integration over p;. For that, let us use spherical coor-
dinates whose z axis is given by the direction of the parent
particle, p (Fig. 1, left). Then the azimuthal angle goes from
0 to 2z, which gives again a factor of 27z, and the angular
variable 6, from 0 to 0™**. Defining w; = (1 —cos®,),
which goes from 0 to @™, one has

N B

.X'I.XZX';
E(2 ) /dxldxzdx35( ZX )d (] 1 _XI)
(1 —.Xl E\" X1
A VA | n+1 2
X { P + Za iXi A (O] XoXs w7 ¢,

(16)

where @™¥* can be read from (13) to be

o =0 (14 St (B)' )

Then, the final expression for the decay width as an
integral over the energy fractions x; is

8 (-
x {1 + Za,-x;?“} , (18)

from which one can read the differential decay width,

& or-r)o-nr
x {l—l—ziaix;’“] , (19)

and the energy distribution after the decay

N B
96 27r

T N E
dx1 ded.X'3 96 (27[)

1 &r

- 20
F dX] deng ( )

P(xl»xzd%)

IV. APPLICATION OF THE COLLINEAR
APPROXIMATION TO THE DECAY OF
SUPERLUMINAL NEUTRINOS

As explained in the Introduction, in order to have LIV
effects affecting neutrinos without the strong constraints
imposed to LIV in the charged lepton sector, we need to
assume that LIV corrections appear only at the level of the
free neutrino Lagrangian, Eq. (1), so that the weak
interaction Lagrangian we will use to determine the decay
widths of superluminal neutrinos will be the same as in the
SR theory,

L, :—i[W‘é Y + WD, r*e ]—LZ Uiyt

int \/E nC€L el el L 26W uYIL IL
_i(s%v_ 1/2)Z,2 ", _is%ﬁ/ZﬂéRyﬂeRv (21)
Cw Cw
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FIG.2. Disintegration of a neutrino into a pair electron-positron and another neutrino, mediated by a Z° boson (left) or by a W+ boson

(right).

which now includes the emission of electron-positron pairs
through neutral (Fig. 2, left) and charged (Fig. 2, right)
channels, and the disintegration through neutrino splitting
(Fig. 3). The first process, vacuum pair emission, has
an energy threshold of Ey = (2m2A")Y/C+n) [27] (it
only occurs for neutrino energies exceeding this value,
E > Eg), while the second process, neutrino splitting,
has a negligible threshold (zero in the limit of massless
neutrinos).

A. Electron-positron pair production

We can start with the simplest case, which is the
production of an electron-positron pair by a v, or v, since
this process only involves the neutral current interaction.
The amplitudes for the production of an electron-positron
pair by a v, or v, are

—
/

Ate(B) = 1P e7 (Pt (B)) = (—ii) (_ii

2ew cw
Aya(B) = vn(PD)eq(P)ed (5)) = (—iﬁ) (<L)

where (u;, ug) are the spinors describing the two possible
spin states of the electron, (v;, vg) the spinors for the two
spin states of the positron, and # the spinor of the only state
of the superluminal neutrino. Let us notice that, as pointed
out in [29,35], some works like [24,26,27] considered two
active spin states for the neutrino, while others, like [25,29],
assume a single possible spin state. This assumption affects
the average over the initial states and the final result of the
decay width. In the present work, we take the neutrino as a
massless particle, and so, with a given helicity. This is a
good approximation in the high-energy limit where all the
particle momenta have approximately the same direction
(collinear approximation). The use of this approximation is

FIG. 3. Disintegration of a neutrino in two neutrinos and one
antineutrino, mediated by a Z° boson.

> (s3 —1/2) _A;ggy (P yra(p)| [, (5_ )7 ve (54
S g G0 ) a (P Ex(P_)r va (5] (22)

also what allowed us to neglect the four-momentum ¢ =
(p — p1)* < My in the Z° propagator. Then, one can use
the identities

By ) = nach) = (1571

®al®) = (Z57 )b 23)

where ¥ = k,y* with k, = |7é| to write the squared ampli-
tudes as a product of traces
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—
7

AW () = v (P L (P ()P = (g>< -1/ g | (5

xTr{

W

(5
AW (B) = e (P)er(P)e () ( a )
(

xTr{

Using trace theorems and properties of y-matrices, one has

—
7

AW () = v (P)er(P-)er (+))
(

- (g_z>2 sy = 1/2)4(p-p)(p' - p-).  (25)

—
7

|A(V/4,r(ﬁ> - U,M,T(p )eﬁ(ﬁ—)€§(5+))|2

2 2
- (A%W) (240 p )PP (26)

Taking into account that ky = |l;|, we have

.
(p-p) (" p) =Pl P'[P-l|P|(1=P-p)(1=P"- D),
)

-
(p-p-)(P"py)=IPIIP'lIP-|IP+ (1~

As mentioned in the previous section, one can check that,
when the directions of the four momenta coincide, the
|

2\, , F°
F(Uﬂ,z(E)_’ymezei)z(—MZ) (s —1/2) 1923
w

Yo ()]
()]
k(5 (520

e ()]

[
factors depending on the directions of the momenta and
the squared amplitudes are zero. Due to the LIV correction,
the energy-momentum conservation relations allow for a
difference in the directions of the momenta of the particles,
and then one has a non-null result for the squared
amplitudes.

The squared amplitudes in (25) and (26) have the general
form (8) used in the previous section. In the case of the

decay yﬂ.’[(ﬁ) - yﬂ.T(p/)eZ(ﬁ—)eZ(ﬁ‘F)’ one has
g2 2
N = 4(—> (3 — 1/2)2, (28)

and p, = po, pr = [;’ , D3 = p_. The energy-momentum
relation for the electron and the positron is not modified
(we are considering a LIV contribution only in the energy-
momentum relation of neutrinos) so that a, = —1,
a; = a3 = 0. The decay width of a v, or v, producing
an electron-positron pair can then be read from Eq. (18),

<§> 3"/dx’dx_dx+5(1 X —x_—x ) (1= 13 (1—x,)2. (29)

In the case of the decay v, .(p) — vﬂ,,(;;’)e,;(ﬁ_)e}’(ﬁg, one has

and p = p_, pp = p', p3 = p,. Then

+ PN o B
r E ? ~|—
(el E) = vpseie) = () (53 15

—W)2<s%V>2, (30)

<§>3n/dx’dx_dx+5(l —x —x_—x )1 =" -x_)%  (31)

Combining the results in (29) and (31), we have that the decay width of a v, or v, producing an electron-positron pair is

2 2 ES
T, (E) > v e7eh) » (g_) ——

M2,) 1927

<5)3" / dx'dx_dx.5(1 = X' —x_ —x.)
x (L= x"1)3(s3,

— /21— x,)? ()21 —x ). (32)
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If we integrate the expression in (32) over x,, x_, we obtain

Fa(E) = vpme-et) <A§—;V>z% (%) " [<sev - %)2 + (sw] / dx’%(l I (I—x%). (33)

Then, the total decay width of production of an electron-positron pair is

T(v,.(E) > v, 0me) » <A%>2% (%) " Ks%v = %)2 + (s%v)z] e, (34)
where
e’ = E T+ 2)3(n 5 T nt 3)3(211 +6) (n+ 4)1(311 n 7)} ' (35)

The energy distribution is given by

1
Pryere o8 2m0) = (1 = = =) (1=
o (36)
(s —1/2) > (s%)° 2}
X I —x,)"+ 1 —x_)"].
GoaEr T  Emar e
If we focus on the energy loss distribution of the neutrino, we get
wa(x) = /dx_dx+73ywe-e+/yw (x,x_,xy) = ™o (1= x"13(1 = 3. (37)
Cn

Let us now consider the production of an electron-positron pair in the decay of a v,. The result for the amplitude of the
production of an (e7e}) pair has an additional contribution due to the charged current interaction,

Awe() = ve(P)er(p-)ef (54)) = (—i%) <—ici> (s} —1/2) _Aif;” (P a(p) [ty (5_ )7 v, (5]
W W z
2 o
+(-1%) S B G ()L (39)
Using trace theorems and properties of y-matrices, one has
2\ 2
A veezeD)P = (15) 6% = 1122 =253 = 1/2) 4 TG00 ). (39)
[14

which is just the result for the v, , decay replacing (s, — 1/2)* by (s3, — 3/2) There is no contribution due to the charged
current interaction in the production of an (eze}) pair, and the amplitude for this decay is the same as in the decay of a Ve
Then, the decay width of a v, producing an electron-positron pair is

2\ 2 5 n
T, (E) » vee et) ~ (;[;%‘) % <§>3 /dx’dx_dx+5(1 —x —x_—xy)
< (L= 13 (sfy = 3/2)2(1 = x2)? + (s3)°(1 = x )], (40)

instead of (32). Integrating, one finds that the total decay width for a v, producing an electron-positron pair is

) = e = () 1 (5) [ (5 -3) + 502, (a1)

and the corresponding energy distribution is given by
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Pvee‘ﬁ/ve (x/’ X, x+) = ()

Cn

—8(1 —x' —x_ —x,)(1 = x/"1)3

(s —3/2)?

()" )

(s —3/2)° + (si)

2(1_x+)2+ 2(1—)(_)2 .

(s —3/2)° + (s%)

Let us notice that the total decay widths of v, and of v, ,
differ only by a constant factor. If we focus only on the
energy loss of the neutrino, we find a flavor independent
distribution,

x
—

3¢y

(43)

There are two special cases, linear or quadratic LIV
modification of the energy-momentum relation, corre-
sponding to n = 1 or n = 2. The total decay widths and
neutrino energy loss distribution for the production of an
electron-positron pair are obtained by replacing the con-

stant ¢\ in (34), (41), and (43), by

(0 121 ¢ _ 81 _

¢ —m~0.144, s —ENO.US. (44)
Another difference between the two cases is that, while in
the linear case the antineutrinos are subluminal (and then
they are stable) when the neutrinos are superluminal, in the
quadratic case both neutrinos and antineutrinos are super-
luminal, allowing the antineutrino to also decay. In order to
obtain the final energy distribution of the antineutrino
electron-positron pair emission, one should take Eqgs. (36)
and (42) and exchange every particle by its antiparticle; i.e.,
the energy distribution of the electron and positron should
be swapped. The expressions for the total decay width and

energy loss apply to both neutrinos and antineutrinos.
The total decay width, as well as the energy loss
distribution of a superluminal neutrino producing an
electron-positron pair, was obtained in Ref. [27] by a
different method, and considering only the Z° exchange.
The calculation of the v, . decay made here corresponds
then to the second example examined in that work, which
was derived from a modified Lagrangian, as we do in the
present work, for the case of a A-suppressed modification
of the energy-momentum relation for the neutrino. One can
check that the calculation based on the collinear approxi-
mation reproduces the result obtained in Ref. [27] for the
neutrino energy loss distribution and also the result for the
|

I'(v,(E )R\ ) 7905 \ A
(l/a( )_’I/a’/ﬂyﬂ) <M%V 19273 \ A

|
total decay width, up to a factor of 2 [compare, e.g.,
Eq. (34) with Eq. (52) of Ref. [27]]. The origin of the
discrepancy is that in [27], as well as in [24], one makes an
average over two possible initial neutrino spin states.
However, as discussed previously, the two initial states
are not equally probable and can be approximated by only
one helicity state of a massless particle.

B. Neutrino-antineutrino pair production

We consider a neutrino-antineutrino pair of flavor f
produced in the decay of a neutrino of a different flavor «
(Fig. 3). The amplitude of the decay is

—

Awa(P) = valPvp(_)75(P))
N ("iy O G () [E(P ) (B ),

(45)

and the squared amplitude

2 \? 1 1 - =75\ ,
|"4|2 = (M—%V> g/wg/m"%Tr|:< 2y5>ﬂyp( 2y5>ﬂ7/”:|
1- 1 -
| (52w (5]

_ (]flw)@ PRI (46)

This is once more the expression (8) used in Sec. III with

N (5 (47)

M,

and p, = p,, p» = p', p3 = p_. The energy-momentum
relation for the neutrinos in the final state has a LIV
correction coefficient @, = a3 = —1, while the coefficient
. . . 0!

in the antineutrino energy-momentum relation is a; ' = 1

in the linear case (n = 1) or agz) = —1 in the quadratic one

(n =2). Using Eq. (18), the decay width of a neutrino-
antineutrino pair production is

2N\2 S /E\3n 1 .
> ( ) /dx’dx_dx+6(1—x’—x_—er)Z(l—x’”“—xﬁ+l+a§ )xi+l)3(1—x+)2.

(48)
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For the linear (n = 1) and quadratic (n = 2) cases, one can use the identities
1—x?=x2+x2 =2(1-x)(1-x_), 1—x3—x3 =3 =31-x)1=x_)(1 —x), (49)

to simplify the expression of the decay width,

2\2 E5 E\ 3n 1)3
TD(vg(E) = vavsig) = (A‘/q[;%‘) 10323 <K> /dx’dx_dx+5(l —x' —x_—x) (n—z ) (1=x)(1=x_)*(1=x,)*1. (50)
In the case # = a one should add a factor 1/+/2 in the amplitude from the antisymmetrization of the two neutrinos in the
final state and one should consider two contributions related by the exchange of the momenta of the final-state neutrinos.
But since the expression for the decay width is symmetric in these momenta, one concludes that the decay width for the
neutrino-antineutrino pair production is flavor independent.
After integration over the energy fractions, we obtain the following result for the total decay width producing a neutrino-
antineutrino pair, valid for the n = 1, 2 cases:

2\2 5 3n
v (9 E> [EN" )
F(I/a(E) b I/al/ﬂyﬂ) ~ (M—%V) W <K> Cn', for n = 1,2, (51)
where
v +1)3 1 3 7 2 3 1 1
4 3n+1 3n+2 23n+3) 3n+4 50Bn+5) 10B3n+6) 140(3n+7)
with numerical values given by
w 1 w 237
=—~0.024, = ~ 0.024. 53
17450 2 710010 (53)
In the same way, the energy distribution of the two neutrinos and the antineutrino, for n = 1, 2, is
(n+1)3 o
Pyl (X X xy ) = 4¢W S(1—x' —x_—x ) (1 =x)P(1=x_)*(1 =x,)*1, forn=1,2. (54)

For the case n = 2, in which both neutrinos and antineutrinos are unstable particles able to decay, one can obtain the final
energy distribution in the decay of the antineutrino by replacing each particle with its antiparticle and vice versa in Eq. (54).
The total decay width remains unchanged.

C. Comparison of different decays

The different decay widths of a superluminal neutrino can be expressed as a product of four factors

E 3n
One has a common factor k
g\ |1 13 4
= || —=~7.31x107"° GeV~, 56
(M@) 192727 © (56)
an energy-dependent factor
E 3n
#(5)" )
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a flavor dependent factor ¢, due to the different couplings of the Z boson to the charged leptons and the neutrinos, as well as
to the additional contribution due to the W exchange in the decay of v, producing an electron-positron pair,

(Ve—v,e7e™) 2
e = [(s@—%) + (s

-+ 2
e <[ (s -3) (7] =0

and a factor ¢, [see (44), (53)], which depends on the
produced lepton pair due to the fact that LIV only affects the
neutrinos. From the energy distribution (43), one has that
the mean fractional energy of the daughter neutrino in the
interaction producing an electron-positron pair is

026 forn=1
— [ axP, (x) = 59
) / Py, (%) {0.30 forn—2 O

In the case of a decay producing a neutrino-antineutrino
pair, one can use the energy distribution (54) to get the
mean fractional energy of each of the two daughter
neutrinos

(xy=(x_) = /dx’dx_dx+x_73vayﬂ,;ﬂ/va (x,x_,xy)

030 forn=1
= (60)
0.38 forn =2,
and the mean fractional energy of the antineutrino
(x,) = /dx’dx_dx+x+P,,a,,/},;ﬂ/,,a(x’,x_,x+)
040 forn=1
= (61)
024 for n =2,

produced in the decay of the superluminal neutrino.

V. SUMMARY

In this work we have studied the consequences of a
Lorentz invariance violation in the neutrino sector, which
may cause neutrinos to become unstable at high energies.
The violation of the Lorentz invariance is manifest in the
dispersion relations (7), which change under ordinary
Lorentz transformations if «; # 0. One can then ask which
is the reference system where these relations, or the form of
the modified Lagrangian (1), hold. Such a privileged system
of reference might be the one where the cosmic microwave
background is homogeneous and isotropic; in practice, the
laboratory system is boosted with a very small Lorentz factor
from that system of reference and the modified dispersion
relations will have the same form. As in all other previous
related works, we are assuming implicitly that this is the case

| = 66

C;Da_’”ay//l_/ﬁ> _ 1’ (58)

|

for the laboratory reference frames of the different experi-
ments able to detect astrophysical neutrinos. In contrast,
while a highly boosted system of reference (such as the rest
frame of a massive high-energy particle) may be more
convenient to study particle decays in special relativity, in
the LIV case we would have dispersion relations depending
on the parameters of the transformation. The use of the
collinear approximation developed in this paper, however,
allows one to have a simplified kinematics in the laboratory
system for the three-body decay of a superluminal particle in
the very high-energy limit, where one can neglect all the
masses of the particles. We note that this approximation will
also be useful in the study of processes involving very high-
energy astroparticles in a LIV theory.

An explicit expression for the decay width, Eq. (18), as
an integral over the energy fractions, has been obtained by
an appropriate use of the collinear approximation to
integrate over the angular variables. We have derived the
result for a modification of the energy-momentum relation
of each particle proportional to a power n of the inverse of
an energy scale parametrizing the correction due to LIV. As
a result, we have obtained that the neutrinos are super-
luminal (unstable) particles for every value of n, but in
contrast, the antineutrinos are subluminal (stable) in the
linear case and superluminal in the quadratic case. If the
opposite sign were chosen in (1), the antineutrinos would
always be superluminal particles and the stability of the
neutrino would depend on n. One can translate our study to
that case just by exchanging each particle by its antiparticle
in the final results.

The collinear approximation has been applied to the
decay of a superluminal neutrino producing an electron-
positron or a neutrino-antineutrino pair. The main results of
this work are the total decay widths in (34), (41), and (51),
and the energy distributions in (36), (42), and (54).
Compared to previous works, we have carried out a
calculation which includes for the first time to our knowl-
edge the charged weak current and the neutrino splitting
contributions to the decay width for LIV corrections which
are suppressed by a high-energy scale, as it is the case of
interest in quantum gravity phenomenology.

In previous works, only the contribution mediated by the
Z boson was considered. In fact, the contribution mediated
by the W is responsible for the difference in the flavor

(l/(,—H/(,B_ 6+> and (yu.r_’yu.reieﬁy)

dependent factors ¢, cr . The large
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value of this difference shows that neglecting the W
contribution is not a good approximation.

In the case of the production of a neutrino-antineutrino
pair, the lack of a calculation of the corresponding width led
Ref. [33] to approximate it by that of the production of the
electron-positron pair multiplied by a factor three to
take into account the three possible neutrino-antineutrino
pairs. Our results show that this is also not a good
approximation.

The results of the mean fractional energies also differ
from the approximation used in Ref. [33] for the mean
fractional energy (x) = 0.22 in the electron-positron pair
production, and (x') = (x_) = (x,) = (1/3) in the neu-
trino-antineutrino pair production. A future simulation of
the propagation of superluminal neutrinos could use the
explicit form of the energy distributions instead of the mean
fractional energies.

Recent and near future observations of extremely high-
energy neutrinos could be used to put bounds on, or
identify, an effect of LIV in the propagation of

astrophysical neutrinos. The study of the possible effects
of LIV in the propagation of neutrinos requires the
expressions for the total decay widths and neutrino energy
distributions derived in this work.
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