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The recent high-statistics high-energy atmospheric neutrino data collected by IceCube open a new
window to probe new physics scenarios that are suppressed in lower-energy neutrino experiments. In this
paper we analyze the IceCube atmospheric neutrino data to constrain the violation of equivalence principle
(VEP) in the framework of three neutrinos with nonuniversal gravitational couplings. In this scenario the
effect of the VEP on neutrino oscillation probabilities can be parametrized by two parameters, Ay, =
7> — vy and Ays; = y3 — ¥, where y;’s denote the coupling of neutrino mass eigenstates to the gravitational
field. By analyzing the latest muon-tracks data sets of IceCube-40 and IceCube-79, besides providing the
two-dimensional allowed regions in the (¢Ay,;, pAyz;) plane, we obtain the upper limits |pAy,;| <
9.1 x 107%7 (at 90% C.L.), which improves the previous limit by ~4 orders of magnitude, and |pAys;| <
6 x 10727 (at 90% C.L.), which improves the current limit by ~1 order of magnitude. Also we discuss in

detail and analytically the effect of the VEP on neutrino oscillation probabilities.
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I. INTRODUCTION

The equivalence principle is the cornerstone of classical
gravitational theories, from Newtonian gravitation to general
relativity. The weak equivalence principle (WEP) states that
the geodesic paths followed by free-falling bodies are the
same, regardless of their energy content. In the other words,
the motion of a falling body is determined only by the
surrounding geometry and not by the body’s own properties
[1]. In the weak field limit, this principle leads to a universal
acceleration of the falling bodies, a fact that is rooted in two
principles of the Newtonian gravitation: the equivalence of
inertial and gravitational masses and universality of the
Newton’s gravitational constant G. Since the proposal of
the WEP, this hypothesis has been extensively tested by a
large diversity of experiments, including torsion-balance
experiments [2]; motion of solar system bodies [3]; spec-
troscopy of atomic levels [4]; and pulsars [5-7], which
always lead to strong limits on possible deviations. However,
recent developments in theoretical physics are systemati-
cally indicating that many modern attempts to obtain a
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quantum version of the gravitational theory lead to the
prediction that the equivalence principle will be violated in
some scale (see, for example, Refs. [8§—14]). In this sense,
improving the current limits on the violation of equivalence
principle (VEP) provides a diagnostic tool in probing very
high-energy theories of quantum gravity, which are almost
inaccessible to conventional experiments.

One of the methods to probe the VEP is through the
neutrino oscillation phenomena. The effect of the VEP on
neutrino oscillation was first studied by Gasperini [15] and
later developed by others in Refs. [16,17]. The original
model was intended to solve the solar neutrino problem
[18-26], which is now in excellent agreement with the
framework of massive neutrinos with the Mikheyev-
Smirnov-Wolfenstein effect [27,28]. However, despite its
failure to explain the solar neutrino problem, the VEP can
contribute to flavor oscillation as a subdominant effect and
so can be probed by solar [29,30], atmospheric [31-39],
supernova [40,41], cosmic [42], and accelerator [43,44]
neutrinos.

Essentially, the sensitivity of neutrino oscillation to the
VEP originates from the fact that the flavor states of
neutrinos are a coherent superposition of mass eigenstates
and so act as interferometers that are sensitive to differences
in the coupling of mass states to a gravitational field. The
bottom line is that the VEP effectively changes the mass-
squared differences by adding a term proportional to the

© 2014 American Physical Society
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square of neutrino energy (x E2). Thus, by the increase of
neutrino energy, the VEP effects become stronger, and so
the potential to discover/constrain the VEP increases.
Among the known perpetual sources of neutrinos, atmos-
pheric neutrino energies extend up to very high energy and
so provide a unique opportunity to probe the VEP. The
construction of huge (km? scale) neutrino telescopes, with
the completed IceCube detector at the South Pole as an
example, fulfills the detection of these high-energy atmos-
pheric neutrinos. Currently, two sets of high-energy atmos-
pheric neutrino data are available from the IceCube
experiment: the “IC-40” data set in the energy range
(100 GeV—400 TeV) [45] and “IC-79” data set in the
range (20 GeV-10 TeV) [46], with the total number of
events ~18,000 and ~40, 000, respectively. In this paper,
we use these data in the search of the VEP in the most
general phenomenological model accommodating it. By
analyzing these data, we obtain the most stringent upper
limit of VEP parameters; some of them are ~4 orders of
magnitude stronger than the current limits.

This paper is organized in the following way. In Sec. 11
we review the phenomenology of the oscillation of massive
neutrinos in the presence of the VEP and current upper
limits on VEP parameters. In Sec. III we study in detail the
effect of the VEP on neutrino oscillation. Also, we show the
numerical calculation of oscillation probabilities and their
interpretation in terms of analytical approximations. Our
analysis of the atmospheric neutrino data of IceCube is
presented in Sec. IV. A conclusion is provided in Sec. V.

II. PHENOMENOLOGY OF MASSIVE NEUTRINOS
IN THE PRESENCE OF THE VEP

Different approaches for the implementation of the VEP
in the neutrino sector of the standard model exist.
Originally, the VEP was introduced as a mechanism that
induces flavor oscillation even for massless neutrinos. For
massless neutrinos, although the neutrino states do not
couple directly to the gravitational field, during the propa-
gation the gravitational redshift develops a phase difference
between the components of the superposition of gravita-
tional eigenstates, which leads to flavor oscillation [15]. In
this case, the gravitational and flavor eigenstates do not
coincide and are related to each other by a unitary mixing
matrix. However, as it is confirmed by the data of more than
two decades of neutrino oscillation experiments, neutrinos
are massive with at least two different nonzero masses for
the three mass eigenstates. Global analysis of oscillation
data strongly verified that these mass differences are
responsible for the observed oscillation phenomena, and
the VEP (if exists) can contribute only subdominantly.
Within this framework of massive neutrinos, three sets of
eigenstates can be defined: mass eigenstates (which are
defined by the diagonalization of the charged lepton mass
matrix), gravitational eigenstates (which diagonalize the
coupling matrix of neutrinos to the gravitational field; the
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diagonalizing matrix is not proportional to the unit matrix
in the presence of the VEP), and flavor eigenstates (which
enter the charged current interaction). In general, these
three sets of eigenstates are not equal, and so choosing one
of them to write the Schrodinger-like equation of evolution
demands introducing two 3 x 3 mixing matrices for which
one of them is almost the conventional Pontecorvo-Maki-
Nakagawa-Sakata (PMINS) matrix and the other parametr-
izes the VEP (see Refs. [16,21]). In this approach, the
number of VEP parameters is equal to the number of
parameters required to parametrize the 3 x 3 unitary
matrix, which is five, including the possible phases.
However, since probing this multidimensional parameter
space is cumbersome, we adopt a different approach that
reduces the number of VEP parameters to two. The
approach we adopt in this paper (which was introduced
first in Ref. [17]) is based on the assumption that the weak
equivalence principle is violated via the dependence of
Newton’s constant on the mass of the neutrino state; i.e.,
Gy = 7;Gy, where y; depends on the mass m; (so, y; = 1
means restoration of the equivalence principle). So, in our
approach, the VEP is induced by the nonuniversality of
gravitational coupling among the neutrino states, which is
effectively taken into account by modifying the metric in
the weak field approximation. It is worth mentioning that,
since currently strong limits exist on the VEP and no self-
consistent quantum theory of gravity is envisaged, adopting
this minimalistic and phenomenological approach is quite
justifiable and robust.

In the weak field approximation, the space-time metric
can be expressed as g, =1, + h,(x), where the
Minkowski metric #,, = diag(1,~1,-1,-1) and h,, =
—=2y,¢(x)d,, [47]. Here, ¢ is the Newtonian gravitational
potential, and the constant G is implicit. As we men-
tioned, the VEP will be accommodated by introducing the
multiplicative species-dependent factor y; such that
¢vep = 7i¢- Incorporating this metric in the Klein—
Gordon equation (and thus neglecting the spin-flip effects),
we obtain the relation for the Hamiltonian eigenvalues [30],

2

me
E. = p,(1+2y i
i =p(1+ yl¢)+2p

(1+47:9). (1)

12

where p, denotes the neutrino momentum. The usual
relativistic dispersionrelation E; = p, + m?/(2p,)isrecov-
eredfor¢ <« 1.Changingtotheflavorbasis, the Schrodinger-
like equation of neutrino evolution takes the form

v _

= M?+ A (N 74 2
ar 2p, UM+ AGUT +V(r) a/}yﬂ’ @)

where U = Uy U, 3U ,isthe PMNS mixing matrix (U;’s are
rotation matrices with angle 6;;, i < j < 3) and the mass
matrix M?*=diag(0,Am3,,Am3,), where Amy; =m; —mj.
In this equation, V(r) = v2GpN,(r)diag(1,0,0) is the
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effective matter potential of the Earth, where G is the
Fermi’s constant and N,(r) is the electron number density
profile of the Earth. Finally, the AG in Eq. (2) contains all
the VEP contributions to neutrino oscillation and is
given by

AG = diag(0, £4p2|¢(r)Ayy

. £4p7|p(r) Ay

), (3)

where the two VEP parameters Ay,; =y, —y; and Ay;; =
y3 — 71 represent the differences between G, for the respec-
tive mass eigenstates. As can be seen, the observable VEP
parameters are ¢pAy,; and ¢pAys;. With our current knowl-
edge of the large scale structure of Universe, the dominant
contribution to ¢ is from the great attractor with the value
~1072; though ambiguities exist on this value and also on
other possible sources. However, since the VEP effect
appears just as the multiplication of ¢ and Ay;;, these
ambiguities can be avoided by reporting the limits on
@Ay;; instead of Ay;;. Also, dominant contribution from
large scale distant sources means that we can safely ignore the
position dependence of ¢(r) over the propagation path of
atmospheric neutrinos and assume that the potential is
constant. In Eq. (3), the & signs take into account the different
possible hierarchies for VEP parameters y;, such that the plus
sign means the hierarchy of VEP parameters is the same as the
one exhibited by the masses, while the minus sign represents
the case in which the hierarchies do not match. Since there is
no reason a priori to restrict these possibilities, we consider
both the plus and minus signs in our analysis. The evolution
equation of antineutrinos can be obtained from Eq. (2) by
replacing V - =V and U - U*.

In Table I, we list the existing upper limits on VEP
parameters ¢Ay,; from various sources of neutrinos.' As
can be seen from this table, the current upper limits on VEP
parameters are ¢Ays, <few x 1072° and ¢pAy,, < 10722,
The sensitivity of the ANTARES and IceCube experiments
were studied in Refs. [38] and [36], respectively, with the
result pAys, <3 x 1072* for ANTARES and <2 x 10728
for IceCube. In this paper, we derive the upper limits on
@Ay;; by analyzing the collected data by the IceCube
experiment.

Probabilities of flavor oscillation for atmospheric neu-
trinos propagating through the Earth can be obtained by the
numerical solution of Eq. (2), with the matter density taken
from the PREM model of Earth [48]. For our analysis in
Sec. IV, we calculated these probabilities by scanning the
parameter space of ¢pAy,; and ¢pAy;; and confronted it with
the published IC-40 and IC-79 data sets from the IceCube
neutrino telescope. However, before describing the analysis

"It should be noticed that some of the limits on ¢Ay; ; in Table I
have been obtained with the assumption that mass eigenstates and
gravitational eigenstates are not equal and are related by a unitary
transformation, which in the 2v system can be parametrized by a
rotation angle 6; € [0, x]. The reported limits are either for
6c = 0 or marginalized over 6.
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TABLE 1.  Current upper limits on VEP parameters ¢Ay,;; from
different analyses.

Neutrino source PAy3, ¢Ay,;  Reference
SN1987A 0 <1072 [41]
Atmospheric (SK) <4 x 1072 0 [35]
Atmospheric + K2K <6 x 1072 0 [35]
Atmospheric (MACRO) <3x 1074 0 [37]
Atmospheric (AMANDA) <3 x 1073 0 [39]
Solar 0 <1071 [30]

method, in the next section, we discuss the signature of the
VEP in oscillation probabilities, especially in the high-
energy range (E, = 100 GeV) where IceCube collects data.

III. OSCILLATION PROBABILITIES IN THE
PRESENCE OF THE VEP

As can be seen from Eq. (2), the VEP effectively
modifies the standard neutrino oscillation picture by adding
the term AG to the mass-squared matrix of neutrinos. Thus,
basically, the VEP in neutrino oscillation is equivalent to
replacing the standard mass-squared differences Am?j by

AmZT = Am2, + 4E2| pAy . )

Substituting this effective mass-squared difference in the
evolution equation in Eq. (2), the first term in Eq. (4) that
induces the standard oscillation is inversely proportional to
E, . Itis well known that the oscillation induced by this term
diminishes in the high-energy range (100 GeV), which is
our interest in this paper; the v, mixing is suppressed in
high energy due to Earth’s matter effect, while the v/,

oscillation length 4zE,/Am3, ~10° km (E, /100 GeV)
becomes larger than the diameter of Earth 2Rg ~
12,000 km, and so v, — v, oscillation will be suppressed.
However, the second term in Eq. (4) that characterizes the
VEP contribution to neutrino oscillation appears in
the evolution equation as 2E,¢pAy;;, and so the effect of
the VEP dominates with the increase of energy. This
dominant contribution of the VEP to neutrino oscillation
in the high-energy range is the reason that neutrino tele-
scopes, such as IceCube, are perfect detectors in probing
the VEP.

In the absence of the VEP, since the matter effect
suppresses v, oscillation, the oscillation of v,,, can be
described by 2v approximation. In this approximation, we
can write the survival probability of muon neutrinos for the
standard oscillation scenario as”

“Since we are interested in the high-energy range (210 GeV),
here we neglect the parametric resonance and effect of 0,5.
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msz,

L), 5
D).

14

A
Pstd(y” N yﬂ) =1- Sin229238in2<

where L = —2Rg cos 0., with Rg and 0, denoting, respec-
tively, Earth’s radius and the zenith angle of the incoming
neutrino (for up-going neutrinos with —1 < cos#, < 0).

The minima of the v, survival probability are at energies

Effis?é”, derived from the condition (n = 0,1, ...)

Am%lL 1 .
4Emin,n: n+§ ”_)Etrzrgltlén

v,std

1 Am? cos0
=24.8GeV 31 ),
¢ <2n—|—1) <2.41x10‘3eV2>< 1 )

(6)

and the maxima are at Efgt"dk, given by (k =1,2,...)

2
MLk —
4Eu,stci
1 Am? cos 8
=124 GeV| - 31 2,
© <k> (2.41 % 1073 ev2>( 21 )
(7)

Although the matter effect modifies this pattern, the first
few maxima and minima can be read from Egs. (6) and (7)
fairly.

In the next subsections, we extend this discussion to the
case of the VEP. We consider three cases: case i (Ay,; =0
and Ayz; #0), case ii (Ay,; #0 and Ayz; =0), and
case iii (A721 = A]/31 ?é O)

A. Casei: ¢pAy,; =0 and PpAy3; #0

Starting with the case in which ¢Ay,; =0, the VEP
will modify only the Am3, as described by Eq. (4),
such that’

Amy™ = Am3, +4E2pAys,  Amy" =0.  (8)

In the analytical discussions of this section, we assume
Ayz; > 0, unless mentioned otherwise. Generalization to
Ay3; <0 is straightforward. In the propagation basis

defined by [/} = Ul,|v), the evolution equation can be

written as (since Am5:" =0, the 6, angle can be

neglected)

*Since Am3,L/(4E,) <1 in the high-energy range, we
neglect this term and set Am3; = 0.
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2.eff 2.eff
2 Am3' Am3

. v, 513< o, )+V 0 513C13( o, ) v,

. / . /!
la I/” = 0 0 0 I/ﬂ 5

’ AmZ,eff AmZ.eff /

1% 31 2 31 U

T S13013( 3, ) 0 C13< 2E, ) !
9)

where ¢;; = cos 0;; and s;; = sin §;;. In the above evolution
equation, v, decouples from the rest of the states. For
constant density, the flavor states (2,2, v;) at distance L
can be written as

l/e Tee 0 TET I/e
v, =0 7, O v, . (10)
U{r t=L T‘re 0 TTT U‘/r =0
with the 74 given by
A3 ~ A3
T vory = COS ( 4”;13:1 L> Ficos 26,3 sin ( 47213/1 L>,
- Amj
Tor =T, = —isin20,;si UL 11
et Te 1sm 13 S ( 4Ey > ’ ( )
(Am3y" +2E,V)
T,, =exp [z iE, L|, (12)

where

Aﬁ’l%l = \/(C052913Am§,1eff_2EDV)2+ (sin2913Am§‘leff)2,
AmZ,eff
pi, (13)

m3

sin26,; =sin263

Obviously, a resonance can be identified in Eq. (13) when
cos 20;3Am3¢" = 2E,V, which occurs in the neutrino
(antineutrino) channel for ¢Ay;; > 0 (¢pAy;; < 0). The

resonance energy is

Eres.3l _ 14
. 2¢pAys; cos 204,
(pY.)

10726 0.9
= 18 TeV 14
© <¢A731> (cos 2913) (4.5 gcm-3>’ (14)

where (pY,) is the average density of Earth. The resonance is
induced by the 6,5 angle, and so itis absent when 65 = 0. In
the resonance region, the 513 is maximal (=x/4), and Aﬁi% h
has the minimum value (== sin 26,3 Amgf‘ff).

Rotating back to v, flavor states, the v, survival
probability from Eq. (10) is
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T;m ‘2 + 2C%3s2% %{ rr}

Py, —»v,) = |(U23TU23) > = 5| T * + &

~ Am?
= s, [1 - sin22013sin2< 47231 Lﬂ + ol

v

4E

v

Ain? Am2S™ 4 2EV
+ 2¢355% {cos ( 4E31 L) <—+

v

where 7 is the matrix in Eq. (10). Below the resonance
energy, E*!, the sin 265 is suppressed, and the following
simple relatlon recovers

A2t

P(y, > v,) =1 —sin®20ysin’( —2-L ). (16)
4E,

At the resonance, é13 is maximal, and the first term in

Eq. (15) leads to v, — v, conversion in the resonance

region. Above the resonance region, é13 — 65. However,
since 3 is small (s%3 =0.02), the v, — v, oscillation in
the high-energy range is quite small. Thus, in summary, the
oscillation probability in Eq. (16) is a good approximation
of the v, survival probability for ¢pAy;; # 0, except for the
very narrow resonance region where v, — v, oscillation
exists.

The same condition applied in Egs. (6) and (7) to find the
minima and maxima of the v, survival probability can be
applied to Eq. (16), which leads to a quadratic equation for
E,. The minima of the v, survival probability in Eq. (16)
are at E\i%, which stems from the condition

Am3L 1
—3L —= (n + )71' — a(EMp)? + bEml\r,’E'i, +c¢=0,
4E, vip 2

(17)
where the coefficients of the quadratic equation are

LpAys,

B Am3,L
C(n+1/2)7

b=-l c= g (18)

Solutions of the quadratic equation in Eq. (17) give the
minima of the v, survival probability Eyp in the presence

the VEP as (n =0,1,...)

lj:\/l—

For ¢p)Ays; < 1072, the second term inside the square root
in Eq. (19) is small even for the largest propagation length
(L =2Rg) and n = 0. Thus, using the approximation

VI—x=1-x/2, two sets of the solution for EVip

(n+1/2)n

Emin,n —
vVER 2L¢Ays

Am%1L2¢AJ’31
-+ 1/%2] 1)
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. A’ At 4 2E,V
20 . 31 L . ) S it 2 ,
) + cos 2605 sin < iE, > sin ( AL, )]

(15)

|
can be obtained: the first set is equal to the minima in

standard oscillation, E"" in Eq. (6), and the second set is

min,n (l’l + 1/2)7[ min,n
by =————— —FE 7 20
v,VEP L¢Ay3l v,std ( )

The first set of solutions gives the conventional minima in
the low-energy range (<20 GeV), while the second set of
solutions introduces new minima in the high-energy range.
Since the maximum value of the second term in Eq. (20) is
~25 GeV, the minima in the high-energy range are
(n=0,1,...)

min,n (l’l + 1/2)7[
SVER S LAy

_ —26
— 243 Tev (2! LAY o
1 cos@, ) \PAys

In the same way, the maxima of the v, survival probability
can be obtained by the condition Am3{" L/ (4E V) = ki,
which again leads to two sets of solutions: one set equal to
E™K in Eq. (7) and the second set given by (k = 1,2, ...)

v,std
k k -1 10726
27”—4.86T6V<—>( )( 0 >
LpAys, 1) \cos0.) \pAys3;

(22)

max,k
v,VEP

Thus, in summary, in the presence of the VEP with
¢Ayz; # 0 in addition to the conventional minima and
maxima in the v, survival probability in the low-energy
range (<30 GeV), a new set of maxima and minima exists,
which, for ¢pAys; < 1072, appear in the high-energy range
(2100 GeV). So, in the presence of the VEP with
¢Ays; <1072, although the phenomenology of low-
energy atmospheric neutrinos does not change, the high-
energy range drastically modifies by the new minima and
maxima. A feature of minima and maxima energies, in
Egs. (21) and (22), respectively, is worth mentioning:
although for the standard oscillation the energies of the
minima and maxima decrease with the increase of cos @,
[see Egs. (6) and (7)], in the presence of the VEP, the
minima and maxima energies in Egs. (21) and (22) increase
with the increase of cosé,.
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In Fig. 1 we show the numerical calculation of the v,
survival probability in the presence of the VEP with
PAyy; = 10725, 1072%, and 10?7, by blue dotted, red
dashed, and green dotted-dashed curves, respectively.
Also, the black solid line shows the standard v, survival
probability. All the curves in Fig. 1 are for cos 6, = —1. For
the blue dotted curve, where ¢pAy;; = 1072, the resonance
at ~1.8 TeV can be identified. For smaller values of ¢pAy;,
resonance is out of the range of Fig. 1. As it can be seen, the
pattern of minima of maxima is in agreement with Egs. (21)
and (22). For example, for ¢pAys; = 1072, in addition to
conventional minima and maxima in E, <30 GeV, we

expect the first minimum and maximum at EM™y, =

243 TeV and EMpy, = 4.86 TeV, respectively, which
are clearly visible in the red dashed curve of Fig. 1. For
larger values of ¢Ay;;, the minima/maxima push to lower
energies. For ¢Ay;; = 1072, the first minimum and
maximum would be at E;r"i\’,’gp =220 GeV [from
Eq. (20)] and Ejy}p = 486 GeV, respectively, which are
in agreement with the blue dotted curve. On the other hand,
for smaller values of ¢pAy;;, the substantial deviation of
they,, survival probability from the standard pattern occurs
at higher energies. For ¢pAys; = 1072, the first minimum is
at Ef{?ﬁ% =24 TeV (which is out of the plotted range in
Fig. 1; see the green dotted-dashed curve). Although this
deviation is in the energy range of the IC-40 data set, due to
small statistics at high energy, sensitivity to these small
values of ¢Ay;; will be quite challenging.

B. Case ii : ¢pAy,; # 0 and pAy3; =0
When ¢Ay;; =0, the VEP does not change the 13-
mass-squared  difference,  while  12-mass-squared

differences will be modified. However, as we pointed
|
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1.4 ———————————————m
u std. oscillation === @¢Ay; = 10720 B
1.2 - ]
R PAYs =107 = ghyy =107
1.0 - . T
~ —-——
=038 [AN
T !
Z06F
by L

0.4

0.2

et L
10 107 10° 10*
E, (GeV)

FIG. 1 (color online). The v, survival probability as a function
of neutrino energy for the standard oscillations (solid line) and for
the VEP scenario (case i) with different values of ¢pAys;. All the
curves are for cos @, = —1. The mixing parameters are fixed at
best-fit values from Ref. [49].

out already, in the energy range we are considering, the
contribution from Am3, can be neglected, and so Eq. (4)
contains only the contribution from the VEP. Thus, the
effective mass-squared differences are

2.eff 2.eff
Amy" = 4E;pAyy . AmyT = Am3,. (23)
In the analytical discussions of this section, we assume
Ay,; > 0, unless mentioned otherwise. Generalization to
Ay, < 0 is straightforward. Since Am%‘f’ff increases with
energy, there is no decoupling of v, from v, ,, anymore, and
the full 3v system would be considered. In the basis
V") = Ul,UL|v), the evolution equation, Eq. (2), can
be written as

A 25 E,pAya + 13V 2515 E,pAyy ciasizV V!
d
i Y| = 251 E Ay 2chE,pA 0 v | (24)
2
V) c13813V 0 A;gi‘ + 53,V 14

Notice that, by neglecting the terms proportional to s;3, the matrix in Eq. (24) is block diagonal, and so |¢/) decouple from
the rest of states. In this case, the evolution matrix for constant density is

1

Ve See
I _

Yy =1 Sk
7

vz t=L 0

where S, are

2 2

A ~ A
Seeu = COS ( ] L> Ficos 26, sin < 4221

4E

v v

Hp

ep 0 I/e,
0 v | s (25)
0 S. vl )
- A2
L>; Sey = Sye = —isin20), sin < 4nE121 L) (26)
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and
~ 4EZpA
Aind, = 4EU\/ (c0s 200,E, Ay — V/2)> + (sin20,E,pAyyy )P, sin28,, = sin 20, % (27)
may
are the effective mass-squared difference and 12-mixing angle in matter in the |v/}) basis. Also,
An
S, = —i—-LJ|, 28
e[ 1201] o

where Ay = Am3, — E,V — 2E2¢pAy,, is the vacuum amplitude for the decoupled |v7/) state. The v, survival probability is
given by (neglecting terms proportional to s;3)
P = |(Up3SU3) oul* = 351Suul? + 535|See? + 263453, 0{S5, S} + O
(Vﬂ - l/,u) - |( 23 23)ﬂﬂ| - 023| mt| + S23| 11| + CZ3S23“{ up n} + (513)

~ A3
=} [1 - sin229125in2< 4’221 L)] + 53,

v

Am3 A ~ A3 A
+2¢355%, |:COS < 4121 L> cos <2—E]7,,L> — c08 26, sin ( 41212/1 L) sin <2—£ZL>} , (29)
[
where & is the matrix in Eq. (25). For ¢Ay,; — 0, the res.21 14
o e ; . ESN = ————
oscillation probability in the standard scenario will be 2¢ Ay, cos 20,
recovered. 26
10 0.4 Y
The following comments about the oscillation proba- =42 TeV o e>_3 . (30)
¢Ay, ) \cos260, ) \4.5 gcm

bility in Eq. (29) are in order. The first term in Eq. (29),
inside the bracket proportional to c3;, is the contribution of
v, = v, to the v, survival probability, and in the limit
¢Ay,; — 0, it goes to 1; i.e., P(yﬂ - v,) = 0. But, for
PAy,; # 0, this term leads to v, <> v, oscillation in the
high-energy range. This term is regulated by the v, — v,
mixing. The last term in Eq. (29) is the interference of the
VEP and Am?,-induced oscillations. From Eq. (27), for  values. At the resonance, E, ~ E;>*', the effective angle
@Ay, > 0, obviously there is a resonance in the neutrino @, is maximal, and a complete conversion of v, — v,/,

The resonance is in the antineutrino channel for ¢pAy,; < 0.
In the left and right plots of Fig. 2, we show sin 2912 and
Am3,, respectively, as functions of energy for various
values of ¢pAy,,. The resonance at EXS?! can be clearly
identified as maximum in sin 20;, and minimum in Am3,

channel at the energy occurs. At energies higher than resonance energy,
[ R - 40 - '
09F oAy, =10 o onp,=10" | i’ E
0g b~ 08n,=107° 35E - gy, =10 ,: .
T e k — E _ ey .
o7 b 0A7,=10 . S sof 0AY, =10 i i3
F / 1 e E ! !
/ . ‘ E ) !
zmﬁ 0.6 j I, 1 = % 25 ; 1 I =
E 1 = > E ! /
(;1 05 F : /I ; Er_] E 1 !
k7] 04 E B 1 / = \; 20 F /I _/ 3
T N ] . ] [N} E / /
- : / ! 1 g T T T I TSR L S s
03 F - / / 3 g 5B T - . 3
F . / . 3 E
F . / B E
02 ; / ; E 5
E 7 L, 3 1.0 F E
01g 7 e E :
Y TR IS L VT BRI BRI 05— vl vl
10’ 10° 10’ 10* 10’ 10° 10' 10° 10’ 10* 10° 10°
E,(GeV) E,(GeV)

FIG. 2 (color online). The dependence of sin 2@12 and Arh%l on energy for different values of VEP parameter ¢)Ay,,, in the left and
right panels, respectively. The mixing parameters are set to the best-fit values in Ref. [49].
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E, > £ vacuum oscillation recovers; the effective
mixing angle approaches the vacuum value, éu — 0,
and oscillation is governed by the effective 21-mass-
squared difference Am3, = 4E2¢pAy,;, which induces
v, = V. oscillation. However, since Aﬁz%l « E2, the
mass-squared difference is large, which leads to fast
oscillatory behavior at E, 2 E°. Below the resonance
energy, E, < E*?!, the effective mixing 0, is suppressed,
and so P(v, »v,)=0. So, for E,<E™*'" where
sin20;, =0, the v, survival probability in Eq. (29)
reduces to

(Am3, — 2E;¢Ay>))

L.
4E,

P(v, = v,) = 1 — sin*260,3sin?
(31)

The minima and maxima of Eq. (31) can be obtained in the
same way as case i discussed in Sec. III A. With a
straightforward calculation, it can be shown that, neglecting
the contribution of Am3;, the minima and maxima of
Eq. (31) are at 2E\y, and 2Ewh, respectively [see
Egs. (21) and (22)]. However, these minima (maxima) with
depth (height) controlled by sin” 26,5 exist when 2E2fi\r,’]’5'i3 <
Eres21 (2Ef§‘,"é’f, < EFS?h At higher energies, the oscilla-
tion is induced by Am3, and sin®20,,.

In Fig. 3, we show the numerical calculation of the v

"
survival probability for different values ¢Ay,;, for
cos@, = —1. The features discussed above are manifest;

for example, taking ¢Ay,; = 1073, which is shown by the
blue dotted curve in Fig. 3, the resonance at ~4 TeV can be
seen. Above the resonance, oscillation is induced by A3,
which leads to the fast oscillatory behavior. In lower
energies, oscillation is governed by Am3, and sin? 20,

1.4 T

T T T T T T

std. oscillation

T T T T T T

- == PAyy, =107 o

T T T T T

e gy =107

E, (GeV)
FIG. 3 (color online). The v, survival probability as a function
of neutrino energy for the standard oscillations (solid line) and for
the VEP scenario (case ii) with different values of ¢pAy,;. All the
curves are for cos @, = —1. The mixing parameters are fixed at
best-fit values from Ref. [49].
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which leads to minima and maxima with the double
energies with respect to case i in Sec. Il A (compare with
the position of minima and maxima in Fig. 1). The
oscillation probability derived in Eq. (31) is in good
agreement with the numerical result shown in Fig. 3.
Comparing the curves in Fig. 3 with standard oscillation
(black solid curve) shows that for ¢pAy,, < 10727 the effect
of the VEP shifts to energies higher than ~10 TeV, where
the flux of atmospheric neutrinos is very small. Thus,
neutrino telescopes are sensitive to ¢Ay,, = 10777,

C. Case iii : ¢AJ/21 = ¢A731 ?é 0

When ¢pAy,; = ¢pAy;; = ¢pAy, after subtracting ¢pAyI
(where I is the unit matrix), the coupling matrix of
neutrinos to the gravitational field is AG =
diag(—4E}¢pAy,0,0). The oscillation probabilities can be
calculated in a similar way as in Sec. III B: by changing the
basis to |v/,), the Hamiltonian takes a block-diagonal form.
By straightforward calculation, it can be shown that the v,
survival probability is similar to Eq. (29) with the replace-
ment Ay — Ay’ = Am3, — E,V + 2E2¢Ay. Thus, all the
discussions of Sec. III B apply here, including the reso-
nance and v, — v, conversion at high energies, with the
exception that the set of minima and maxima below the
resonance is absent here, mainly since the minima and
maxima of cases i and ii interfere and cancel each other.
This absence of oscillatory behavior below the resonance
energy, which means less deviation from standard oscil-
lation, leads to a weaker limit on the VEP parameters when
Ay, = Ay, as we show in Sec. IV.

D. Oscillograms

In the previous subsections, we discussed analytically
the main features induced by the VEP on atmospheric
neutrino oscillation in the high-energy range. Also, we
showed the numerical calculation of the v, survival
probability for up-going neutrinos at IceCube, i.e., neu-
trinos that pass the diameter of Earth and so their incoming
direction has cos@, = —1. In this section, we present the
oscillograms of v, survival probability, which illustrates,
among the others, also the zenith dependence of
probability.

Figure 4 shows the oscillograms of the v, survival
probability. The panel 4 is for the standard oscillation;
ie., pAy,; = pAy;; =0. As we expect, in the shown
energy range E, > 100 GeV, P(v, = v,) = 1 except for
percent-level deviation at E, ~ 100 GeV and cos 6, = —1.
In panel 4b, we show the v, — v, oscillation probability for
case i in Sec. Il A with ¢Ays; = 10726, The resonance
energy Er*3' = 18 TeV is out of the depicted energy
range in panel 4b, and so, in all the energy range of this
panel, P(v, —» v,)=0. As we discussed in Sec. III A,
below the resonance energy, oscillation is almost vacuum
oscillation dictated by the VEP effective mass difference,
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FIG. 4 (color online). The oscillograms for survival probability P(v, — v,). The top-left, top-right, bottom-left, and bottom-right
panels are, respectively, for standard oscillation, case i, case ii, and case iii. The values of ¢)Ay;; are indicated in the captions. The mixing

parameters are fixed to their best-fit values from Ref. [49].

Am3em = Am3, + 2E2pAy;; and the amplitude sin® 26,3.
From Eq. (21), the energy of the first VEP-induced
minimum in P(y,—v,) at cosd,=—1 is E'\yp=2.4TeV,
which is in agreement with panel 4b. Also, from Eq. (21),
the energy of minimum would increase with the increase of
cos @,, which is manifest by the violet strip in panel 4b.

Panel 4c is for case ii in Sec. III B with ¢pAy,,; = 10726,
In this case, also the resonance energy E~*?! = 42 TeV is
out of the depicted range. From Eq. (31), the first minimum
would be at 2E"\5, = 4.8 TeV, which is visible in panel
4c. Finally, panel 4d is for case iii with @Ay, =
dAys; =1072°. As can be seen, the pattern of oscillation
is similar to the previous two cases, with the exception that
in the lower energies the maxima and minima are less
profound.

IV. PROBING THE VEP WITH ICECUBE DATA

In this section, we confront the atmospheric neutrino
data collected by IceCube with the expectation in the
presence of the VEP. Generally, IceCube can identify two
types of events: muon tracks and cascades. Muon tracks
originate from the charged current interaction of v, and 7,,,
which produce, respectively, u~ and u™ that their propa-
gation inside the ice emits Cherenkov radiation collectable

by photomultipliers implemented in ice.* Cascade events

“There is a small contribution to muon tracks through the
charged current interaction of v, and 7, and the subsequent
leptonic decay of tau particles to muons. This contribution is
quite small in the high-energy range that we are considering in
this paper.
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originate from the other interactions including the neutral
current interaction of all the neutrino flavors and the
charged current interaction of v,, v, and their antineutrinos.
Each of these two types of events has advantages and
disadvantages. For muon tracks, the benefits are great
resolution in reconstruction of the direction of incoming
neutrinos and high statistics due to the long muon range in
ice and rock, while the drawback is the moderate resolution
in energy reconstruction. On the other hand, for cascades,
the energy reconstruction is good, while the direction
reconstruction of incoming neutrinos is poor.

In this paper, we analyze the atmospheric neutrino data
sets 1C-40 [45] and IC-79 [46] containing muon-track
events collected by, respectively, 40 and 79 strings out of
the final 86 strings of the completed IceCube. The energy
ranges of IC-40 ad IC-79 data sets are, respectively,
100 GeV—400 TeV and 100 GeV-10 TeV. To calculate
the expected distribution of events in the presence of the
VEP, we compute numerically the oscillation probabilities
by scanning the whole parameter space of (¢pAy,;, pAys).
In the numerical computation of probabilities, we fix the
mixing parameters to their best-fit values from Ref. [49],
and for the density of Earth, we use the PREM model [48].

|

N’,{j_TAQ[Z

a=e.u

where 7 is the data-taking time, AQ = 27z is the azimuthal
acceptance of the IceCube detector, @, is the atmospheric
neutrino flux of v, from Refs. [52,53], and P(v, — yﬂ) is
the oscillation probability with VEP parameters {¢Ay;,}.
In Eq. (32), the AZQf(””) is the v,(D,) effective area of

J
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Also, we calculate the expected sensitivity of IceCube to
VEP parameters from cascade events. IceCube already
observed atmospheric neutrino induced cascade events
with IC-40 [50] and DeepCore [51]; the latter of which
provided the first measurement of atmospheric v, flux. In
Sec. IV B, we calculate the sensitivity of cascade events to
VEP parameters assuming the full IceCube detector.

A. Constraints on the VEP parameters from
IC-40 and IC-79 muon-track data

The IC-40 and IC-79 data sets are published by the
IceCube collaboration in 10 bins of cos @, (from —1 to 0
with bin width 0.1) and integrated over energy. To analyze
these data, we calculate the expected number of events in
bins of zenith angle and energy, where for the energy bins
we takes widths Alog,o(E,/GeV) =0.3 and 0.125,
respectively, for the IC-40 and IC-79 configurations.
However, at the end, we confront the total number of
events in zenith bins (integrated over the neutrino energy)
with data. The number of muon-track events in the ith bin
of cos@, and jth bin of E, is given by

/ / ®, (E,.c080,)P(v, = v,)({¢Ayi} )AL (E, . cos0,)dE,dcos O, +v — 1|, (32)
Ajcos. JAGE,

IceCube, which for IC-40 is taken from Ref. [54] and for
IC-79 has been estimated by rescaling the effective area of
IC-40 (the same was used in Refs. [55,56]).

In the analysis of IC-40 and IC-79 data, we perform a
simple y? analysis defined by

X2 (Ara1, Arasa, ) = Z(

i

where 6, o = NY3a jg the statistical error and a and /3 are
the parameters that take into account, respectively, the
correlated normalization and zenith dependence uncertain-
ties of the atmospheric neutrino flux with the uncertainties
6, =024 and o5 =0.04 [52]. The 04, = fNY is the
uncorrelated systematic error, which for IC-40 and IC-79
we assume ~4% and 3%, respectively.5 The index i =
1,...,10 runs over zenith bins, and N¥ can be obtained
from Eq. (32) by summing over j. After marginalizing with

The exact values of uncorrelated systematic errors are not
reported by the IceCube collaboration. We took the mentioned
values by requiring statistically meaningful y? values. However,
the obtained bounds are quite smooth with respect to changes in
the value of f.

[N — a(1 4 (0.5 + cos 6,) )N} (pAy,1, ¢A}’31)]2> . (1-aP P
Glz.stat + Gzz,sys

—, 33
0'3 +0'/2} ( )

I
respect to a and f pull parameters, the upper limit on VEP
parameters (¢pAy,;, pAyz;) can be obtained.

Figure 5 shows the obtained limit (at 90% C.L.) on VEP
parameters from analyzing the IC-40 and IC-79 data. In this
figure, the green solid and red dashed curves are for IC-40
and IC-79 data, respectively. Clearly, the weakening of the
bound at ¢pAy,; = ¢pAys, is visible, which we discussed in
Sec. III C. The one-dimensional limits on VEP parameters
are (at 90% C.L.)

—92x107% < Ay, < 9.1 x 10777,
_63 X 10_27 < ¢Ay31 < 56 X 10_27. (34)

Comparing these limits with the current bounds in Table I
shows that the limit on ¢Ay,; is stronger by ~4 orders of
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FIG. 5 (color online). The allowed region at 90% C.L. in the
plane (¢pAy,;, pAys;). The green solid and red dashed curves are
the limits from IC-40 and IC-79 atmospheric muon-track data,
respectively. The blue dotted-dashed curve shows the sensitivity
of IceCube with three times the IC-79 data.

magnitude. The limit on ¢Ay;; from IceCube data is
stronger than the current bound by ~1 order of magnitude.

B. Cascade analysis

Let us discuss the sensitivity of the atmospheric
induced cascade events to VEP parameters. As we
mentioned, the cascade events originate from neutral
current interaction of all neutrino flavors and charged
current interaction of electron and tau neutrinos. Thus, any
conversion of v, (,) to v, (¥,) or v, (¥;) would lead to a
distortion in the zenith and energy distributions of cascade
events. Especially, as we discussed in Sec. III, the VEP
leads to v, — v, conversion and so affects the cascade
distributions. Although for cascade events the zenith
resolution is poor, the better energy resolution with
respect to muon-track events makes the cascade analysis
plausible.

We calculate the sensitivity of IceCube (including the
DeepCore part [57], which has higher efficiency in
cascade detection) to VEP parameters. The number of
cascade events can be calculated similarly to Sec. IV A by
taking into account the appropriate effective volume of
IceCube for cascade detection. For the details of the
calculation of the cascade number of events, see Ref. [58].
Again, by performing an y? analysis (confronting energy
distribution instead of zenith distribution for muon
tracks), we estimated the sensitivity of cascades to VEP
parameters. We have found a negligible increase in the y?
value compared to the standard oscillation scenario for
cascades. Thus, the limits on VEP parameters from
cascades are weaker than the limits from muon tracks,
and the strongest limits on VEP parameter are the ones
reported in Sec. IV A.
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V. CONCLUSION

One of the essential pillars in the theory of gravitation,
both classical and relativistic, is the equivalence principle,
which has been tested in a variety of experiments. Violation
of the equivalence principle has far-reaching consequences
in the neutrino sector, basically introducing a novel
oscillation pattern that can be measured at neutrino oscil-
lation experiments. Thus, neutrino phenomenology pro-
vides a unique tool to probe the possible violation of the
equivalence principle. The strength of the VEP effect on
neutrino oscillation depends on the neutrino energy: the
VEP effectively introduces mass-squared differences pro-
portional to E2, and so the oscillation phase will be
proportional to E,. Thus, clearly, the recent collected data
of high-energy (100 GeV) atmospheric neutrinos by the
IceCube experiment can discover/constrain the VEP
unprecedentedly.

In this paper, we studied the effect of the VEP on the
oscillation of high-energy atmospheric neutrinos. In the
high-energy range, the conventional standard oscillation
induced by Am%j is absent, and the survival probability of
each neutrino flavor is ~1. However, the VEP can dras-
tically change this pattern: the effective energy-dependent
mass-squared differences induced by the VEP can lead to
resonance flavor conversions and also oscillatory behavior
in high energy with new maxima and minima in flavor
oscillation probabilities. For the phenomenological model
of the VEP we considered in this paper, with the two VEP
parameters ¢Ay,; and ¢Ayz;, we studied in detail
the oscillation pattern and provided the analytical descrip-
tions of oscillation probabilities. We justified the numerical
calculation of oscillation probabilities (especially
P(v, = v,), which plays the main role in IceCube analysis)
with the obtained analytical expressions and showed that
the analytical approximation explains the oscillation pattern
with impressive accuracy.

Furthermore, we confronted the expected zenith distri-
bution of muon-track events in the presence of the VEP
with the collected data by the IceCube experiments with
two different configurations, namely, IC-40 and IC-79 data
sets. To analyze these data, we performed a simple y°
analysis, taking into account the statistical and systematic
errors. The oscillation probabilities have been calculated
numerically by scanning the parameter space of VEP
parameters in the full three flavors framework. From these
analyses, we obtained the following bounds on the VEP
parameters at 90% C.L.: =9.2 x 10727 < Ay, < 9.1 x
10727 and —6.3x 10727 <pAy3; <5.6x 1072’ The obtained
limit on ¢pAy,; is ~4 orders of magnitude stronger than the
current limit; also, we improved the existing bound on
¢Ayz; by ~1 order of magnitude.

Finally, we investigated the future sensitivity of IceCube
to VEP parameters. We have presented the sensitivity
region in VEP parameter space assuming three times the
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IC-79 data set, which improves mildly the obtained limits.
Also, we have studied the effect of the VEP on cascade
events in IceCube, motivated by the fact that the VEP
induces v, — v, conversion that can distort the energy
distribution of cascade events. However, because of lower
statistics and higher uncertainties for cascade detection, the
sensitivity of IceCube to VEP parameters in the cascade
channel is less than the sensitivity in the muon-track
channel.

At the end, we would like to emphasize that the limits
obtained in this paper can be translated to limits on the
parameters of theories (either effective theories or exten-
sions of Standard Model) that predict/accommodate the
VEP to some level. As an example, in this line, we can
mention the Standard Model extension theories, which
consist of extending the Standard Model action by includ-
ing all the possible terms that violate the Lorentz invariance
[59-61]. One of the consequences of the Standard Model
extension is the violation of the equivalence principle such

PHYSICAL REVIEW D 89, 113003 (2014)

that test of the VEP provides a tool for searches of Lorentz
symmetry violation. Further speculations regarding these
connections and possibilities to probe fundamental theories
by VEP tests in the neutrino sector [62—-66] will be pursued
in a later work.
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