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We investigate the impact of non-standard neutrino interactions (NSIs) on atmospheric neutrinos using
the proposed PINGU experiment. In particular, we focus on the matter NSI parameters &, and
|&z¢ — & | that have previously been constrained by the Super-Kamiokande experiment. First, we present
approximate analytical formulas for the difference of the muon neutrino survival probability with and
without the above-mentioned NSI parameters. Second, we calculate the atmospheric neutrino events at
PINGU in the energy range (2-100) GeV, which follow the trend outlined on probability level. Finally,
we perform a statistical analysis of PINGU. Using three years of data, we obtain bounds from PINGU
given by —0.0043 (—0.0048) < £, < 0.0047 (0.0046) and —0.03 (—0.016) < &¢r < 0.017 (0.032) at 90%
confidence level for normal (inverted) neutrino mass hierarchy, which improve the Super-Kamiokande
bounds by one order of magnitude. In addition, we show the expected allowed contour region in the
&ur—€r¢ plane if NSIs exist in Nature and the result suggests that there is basically no correlation

between £,; and &¢¢.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

The phenomenon of neutrino oscillations has been found to
be the leading description of neutrino flavor transitions. In the
last decades, a vast amount of neutrino oscillation experiments
have been performed and these experiments have been able to
pin down the fundamental neutrino oscillation parameters to
a good accuracy. However, despite the success of this description
and due to the increasing precision of these experiments, there
might be room for subleading new physics effects known as non-
standard neutrino interactions (NSIs) [1-5]. Basically, NSIs give rise
to dimension-six and higher-order operators, which lead to effec-
tive NSI parameters, and they arise in all modern extensions of the
standard model (SM). It is important to note that both experimen-
tal and phenomenological bounds have been determined on such
NSI parameters. In principle, NSIs can affect both production and
detection processes and propagation in matter.

In this work, we will be interested in atmospheric neutrinos
and therefore we will consider the matter NSI parameters &z,
&uu, and &7 phenomenologically, which are important for neu-
trino oscillations in the v,-v; sector. This means that we will
set the other matter NSI parameters to zero, i.e. &4 = 0 for

* Corresponding author.
E-mail addresses: sandhya@hri.res.in (S. Choubey), tohlsson@kth.se (T. Ohlsson).

http://dx.doi.org/10.1016/j.physletb.2014.11.010

o =e, i, T. Using the so-called two-flavor hybrid model and at-
mospheric neutrino data from the Super-Kamiokande I and II ex-
periments, the following experimental bounds' have been obtain
at 90% confidence level (C.L.) [6]

leur] <0.033 and |err — &, < 0.147.

In addition, accelerator neutrino data from the MINOS experiment
have set the bound —0.200 < &,; < 0.070 at 90% C.L. [8], which
is less restrictive compared with the Super-Kamiokande bound on
the same parameter.

Note that the corresponding model-independent phenomeno-
logical bounds on three matter NSI parameters for Earth matter
are given by |&,| <0.33, |g,u| < 0.068, and |e7¢| < 21 [9], where
the last two bounds translate into a bound for |e¢; — &, |, which
is less stringent than the above-mentioned experimental bound.
This is particularly true for the bound on |e;¢|. The main reason
is that the model-independent phenomenological bound on |&¢¢|
comes from the one-loop contribution to the invisible Z-decay
width at LEP, and is relatively lower compared to the bounds
on other matter NSI parameters, since they are constrained by

T Note the difference in the definition of the NSI parameters compared to the
definition given in Ref. [6] by the Super-Kamiokande collaboration. This difference
is described in detail in Ref. [7].
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data from the charged lepton sector as well. On the other hand,
the Super-Kamiokande bounds on the matter NSI parameters are
indirect bounds coming from the role of the matter NSI param-
eters in neutrino oscillations and this is not necessarily poor for
|er¢|. Therefore, the experimental bounds found by the Super-
Kamiokande collaboration are the most stringent bounds on the
three matter NSI parameters in the v,-v; sector, which we will
refer to in the rest of this work.

Outside the experimental collaborations, the role of matter NSI
parameters in atmospheric neutrino experiments has been consid-
ered in a number of publications (see Refs. [10-15] and references
therein). In particular, constraints on &, and |e;; — &;,| were
obtained from an analysis of the data from IceCube-79 and Deep-
Core [16]. In order to further investigate the discussed bounds on
NSIs, we will use PINGU [17], which is a proposed upgrade of the
IceCube experiment at the South Pole. PINGU will be a huge ex-
periment that will observe atmospheric neutrinos and probe high
energies. It has been designed to measure the neutrino mass hier-
archy, but it should also be able to reveal effects of NSIs. In this
work, we will therefore use PINGU to predict bounds on the NSI
parameters. The neutrino oscillation probabilities and predicted
muon event rates from atmospheric neutrinos at PINGU in the en-
ergy range between 1 GeV and 20 GeV have been discussed in
Ref. [18]. The impact of NSI parameters on the muon neutrino
survival probability is known to grow with the increase of the
neutrino energy. Therefore, we expect better constraints at higher
energies. However, the atmospheric neutrino fluxes go down as
about E~27, and thus reducing the statistical significance of the
data at higher energies. PINGU being a multi-megaton class ice de-
tector will have better statistics. Therefore, in this work, we extend
the previous study performed in Ref. [18] by increasing the energy
range up to 100 GeV. However, in the previous study all matter
NSI parameters were considered (except for &;,,), whereas here
we focus on the matter NSI parameters £,; and &;;. We consider
detector effective volume and resolution functions as quoted in the
PINGU Letter of Intent [19] and include systematic uncertainties in
the atmospheric neutrino fluxes in our analysis. We determine im-
proved upper bounds on some NSI parameters using three years
of running of the PINGU atmospheric neutrino experiment as de-
scribed in Ref. [19].

This work is organized as follows: In Section 2, we discuss in
detail the differences between standard and non-standard neutrino
oscillation probabilities that are crucial for the understanding of
the importance of NSIs. We focus on the analytical form of the
v, — vy, survival probability and its corresponding matter NSI pa-
rameters €,z, €y, and &¢7. Then, in Section 3, we compute the
difference in the number of muon events from atmospheric neu-
trinos with and without NSI parameters. Next, in Section 4, we
perform a statistical analysis for the proposed PINGU experiment
and determine improved upper bounds on the NSI parameters &,¢
and &;¢. Finally, in Section 5, we summarize our results and draw
our conclusions.

2. Neutrino oscillation probability differences

In the case of three-flavor neutrino oscillations in matter,
the expressions for ordinary neutrino oscillation probabilities are
lengthy, and including NSIs, the expressions become even length-
ier. In the standard framework, the neutrino oscillation probabili-
ties are functions of eight parameters (L, E; 612, 613, 623, 8, Am%l,
and Am%l) (where L is the neutrino baseline length and E is the
neutrino energy), whereas for matter NSIs, they will be depend-
ing on six additional parameters. In general, differences between
standard and non-standard neutrino oscillation probabilities will
therefore depend on 14 parameters, i.e. we have

APgp = Pyy — P}

= APap(L, E; 612,013,623, 8, Am3,, Am3,,
Eee, Eeps Cets Epps Epts Srr)- (1)

Expanding the v, — v, survival probability difference AP,
to zeroth order in the parameter ratio Am%l / Am%1 and the mixing
parameter sinfi3 as well as to first order in the NSI parameters,
one obtains [20-22]

APy~ —eur]cg,, Alsin® (2023) Asin(A)
+ 45in(26;3) cos? (2623) sin®(A /2) ]
+ (leppl — lece]) Asin® (2623) cos(2613)
x [Asin(A)/2 — 2sin?(A /2)], (2)

where A = Am3,L/(2E) = A3l and A = v/2GpN/A3; with Gr
and N, being the Fermi coupling constant and the electron number
density in matter, respectively. Note that Eq. (2) is only depending
on the NSI parameters €, &y, and &¢¢, and NoOt 0N &ee, Eeyy, and
Eer-

Now, using the so-called two-flavor hybrid model, which is an
exact two-flavor neutrino oscillation model including matter NSIs
with two NSI parameters ¢ = g,; and & = &7 — &, [6] and
defining the auxiliary parameter

E=1+2Acos(20)e’ + A%e?, (3)

we can perform a series expansion of the v, — v, survival prob-
ability to first order in the NSI parameter ¢ in a similar way as for
the three-flavor case, and we find that

i 02 =
Sin“(Apv/ &/2
Pyt =1 — sin?(29) S B2V E/2)

A E sin(A g
—eA{sin3(29) 2V/E in¢ 2v'5)

+2sin(26)

=
52

[cos(40) — 1+ 2E5]sin® (A2, E/2) }

+0(e?), (@)

where Aj, = Am2L/(2E). Note that Eq. (4) is exact in the other
NSI parameter &’.

Then, inserting Eq. (3) into Eq. (4) and making a series expan-
sion to first order in &', we obtain the probability difference

APy = —eA[sin® (20) Ay, sin(Azy)
+45in(20) cos?(20) sin*(A2,/2)]
—¢A sin2(29) cos(29)[A2U sin(Ajy)/2
—25in?(A20/2)] + O(2,67), (5)

which by the replacements § — 6,3 and A, — A basically co-
incides with the corresponding three-flavor probability difference
given in Eq. (2). This means that the series expansion of the prob-
ability difference in the two-flavor hybrid model in both NSI pa-
rameters is an excellent approximation for the series expansion of
the three-flavor probability difference in the three NSI parameters
Euty Eup, and &gz,

In Fig. 1, assuming the upper bounds on the two-flavor NSI pa-
rameters &€ = 0.033 and & = 0.147 from the Super-Kamiokande
experiment [6,7], we present the probability difference AP, as
a function of the nadir angle for the Earth and the neutrino energy
using three different expressions: (i) the exact three-flavor expres-
sion for the probability difference with the PREM profile [23] of
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Fig. 1. The probability difference as a function of the nadir angle and the neutrino energy for three different cases: the exact three-flavor expression (upper-left plot), the
approximative three-flavor expression (upper-right plot), and the exact two-flavor hybrid model expression (lower plot). The following values of the neutrino parameters have
been used: 613 =33.57°, 643 =8.73°, 623 = 41.9°, § =0 (no leptonic CP-violation), Am3, =7.45 x 107> eV2, Am2, = +2.417 x 10~3 eV? (normal neutrino mass hierarchy),
and the non-zero NSI parameter values £, =0.033 and &;; = 0.147. (For interpretation of the references to color in this figure, the reader is referred to the web version of

this article.)

the Earth’s matter density, (ii) the approximative three-flavor ex-
pression in Eq. (2) with a step-function profile, and (iii) the exact
two-flavor hybrid model expression with a step-function profile.
In the case of the exact three-flavor expression for the proba-
bility difference shown in the upper-left plot of Fig. 1, we observe
that the probability difference is maximal in a large region in
parameter space for nadir angles h between 0 and around 20°,
i.e. when neutrinos are basically going through the whole Earth,
and for neutrino energies E around 25 GeV (log25 ~ 1.4). More-
over, there are smaller regions for which the probability differ-
ence is also maximal. Theses regions have neutrino energies which
are smaller than 25 GeV, and are centered around approximately
11 GeV, 8 GeV, 6 GeV, and 5 GeV. We can now compare the results
in the upper-left plot of Fig. 1 with the results in the upper-right
and lower plots. First, in the case of the approximative three-flavor
expression (upper-right plot), we find that there appears a large
region with energy larger than 30 GeV, and in addition, there are
several other areas with energies smaller than 15 GeV. Further-
more, note that the neutrino energy of the largest maximal region
has decreased from 25 GeV to 15 GeV. Second, in the case of the
two-flavor hybrid model expression (lower plot), we note that the
largest maximal region remains at around 25 GeV, but similar ar-
eas with energies smaller than 25 GeV appear as in the case of the
approximative three-flavor expression. The differences compared to
the exact three-flavor expression are effects of the approximations
as well as the results presented in the upper-left plot uses the
PREM profile and not a step-function profile as in the cases of

the results in the upper-right and lower plots. In conclusion, the
two-flavor hybrid model expression of the probability difference is
an excellent approximation of the corresponding exact three-flavor
expression, at least for neutrino energies of the order of 15 GeV or
higher.

For values of the two-flavor mixing angle 6 close to 45°,
the most contributing term in the series expansion of the two-
flavor hybrid model probability difference displayed in Eq. (5) is
—eAsin®(20) A,y sin(Ayy), which means that the energies of the
oscillation maxima are given by (cf. the discussion in Ref. [18])

2
EmaxnwALL, wheren=1,2,3,.... (6)
’ 2nmw

Using Am? = |Am3,| and L = 12742 km (i.e. the maximal neu-
trino baseline length in the Earth corresponding to the nadir an-
gle h = 0), one obtains the positions of the oscillation maxima at
Emax.1 = 24.8 GeV, Emax2 =~ 12.4 GeV, Emax3 ~ 8.3 GeV, Emax 4 =
6.2 GeV, and Emax 5 >~ 5.0 GeV, which are more or less comparable
with the values discussed above for the exact three-flavor proba-
bility difference (see the upper-left plot of Fig. 1).

In Fig. 2, we present the exact three-flavor probability differ-
ence with £,; =0.033 and &;; =0 (left plot) as well as g,; =
0 and &;; = 0.147 (right plot). Note that we will set &, =0
throughout the rest of this work, which means that &’ = g;¢,
i.e. the two-flavor parameter &' will be equivalent to the three-
flavor parameter &;;. We observe that assuming a non-zero value
for the NSI parameter ¢, the effects of the maximal region above
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Fig. 2. The exact three-flavor probability difference as a function of the nadir angle and the neutrino energy for two different cases: &, =0.033 and &;; =0 (left plot) as
well as £, =0 and &;; = 0.147 (right plot). The other parameter values are the same as in Fig. 1. (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.)
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Fig. 3. The exact three-flavor probability difference as a function of the nadir angle and the neutrino energy for two different cases: £,; =0.033 and &;; = 0.147 with
inverted neutrino mass hierarchy (left plot) as well as &, = —0.033 and &;; = —0.147 (right plot). The other parameter values are the same as in Fig. 1. (For interpretation
of the references to color in this figure, the reader is referred to the web version of this article.)

40 GeV is dominating (left plot), whereas assuming a non-zero
value for the NSI parameter ¢;; the effects of the maximal region
centered around 25 GeV is the most pronounced (right plot).

Finally, in Fig. 3, we show the effects of assuming inverted neu-
trino mass hierarchy instead of normal neutrino mass hierarchy
(left plot) and negative values of the NSI parameters instead of
positive values (right plot). One can see that the results of choos-
ing either the inverted neutrino mass hierarchy or negative values
of the NSI parameters lead to similar results. Furthermore, the two
plots should basically be compared to the upper-left plot of Fig. 1.
Indeed, the effects of assuming the inverted neutrino mass hierar-
chy or negative values of the NSI parameters increase the maximal
region of the probability difference around 30 GeV and the region
is also slightly shifted to higher energies.

3. Atmospheric neutrino events
The number of muon events from atmospheric neutrinos in the

ith zenith bin and jth energy bin of a large underground ice/water
Cherenkov detector such as PINGU is given by

(cos 07)i41 Ejt1

T
dcos o, / dE/dcos@é
0

(cos 6;); Ej

(Nuij =2 N7T

00
X/dE plceveffR(E E)R(Qz,ez)

0
dz(i’vu d2¢,
Puy+——te_p
x [(dcos@ ldE " HH + dcos6,dE’ e“>gv
d2¢‘7u 2¢v
Puj © Pz o 7
(dcos@édE’ it dcosO,dE’ e”>av]’ )

where N7 is the number of targets per unit mass of the detec-
tor material, T is the data taking time, and pjce Vefr is the effective
volume of the detector, which is taken from the PINGU Letter of
Intent [19] and the time T is chosen as three years. The quantities,
d%¢,, /dcos6,dE’ and d*¢,, /dcos,dE’ are the differential atmo-
spheric v, and ve fluxes, respectively, taken from Ref. [24], and o,
and oy are the interaction cross-sections for the neutrino and an-
tineutrino with matter for which we use the following simplified
formulas

oy =73 x 107°F m?, (8)
oy =3.77 x 1073°F’ m?. 9)

The distinction between primed and unprimed variables is as fol-
lows. The primed variables E’ and 6, are the true energy and
zenith angle of the neutrinos, while the unprimed variables E and
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0, are the corresponding measured or reconstructed ones.” The
resolution functions R(E, E’) for energy and R(0;,6,) for zenith
angle relate the true variables to the measured or reconstructed
variables. We have taken Gaussian forms for the resolution func-
tions

1 a2
()= exp[(ngg) } (10)

We have used o = 0.2E’ and oy, = O.S/ﬁ, which agree with
the simulation results presented by the PINGU collaboration in
Ref. [19]. The flavor survival and conversion probabilities P, and
P, for neutrinos and P;j; and Pg; for antineutrinos are cal-
culated numerically by solving the three-generation differential
equation of motion for neutrinos coming from the atmosphere
and reaching the detector at the South Pole. This calculation uses
the PREM profile [23] for both standard oscillations and oscilla-
tions in the presence of NSI parameters. In the calculation, for the
sake of completeness, we have also included the electron events in
PINGU coming from atmospheric neutrinos. The number of elec-
tron events is given by an expression identical to Eq. (7) in all
respect with suitable changes. However, the electron events are not

2 The zenith and nadir angles are related to each other as 6, +h = 180°.

expected to make any significant contribution to the constraints on
the NSI parameters &;,; and &¢;.

Since the neutrino oscillation probabilities depend on the pres-
ence and strength of the NSI parameters, as discussed in the pre-
vious section, we expect that to be reflected in the event spectrum
observed at neutrino detectors. As we expect only the muon events
to be significantly affected by the NSI parameters &,; and &,
we show the impact of these NSI parameters on the muon events
in Figs. 4 and 5. We plot the quantity (Nns; — Nsm)/+/Nsm in
the cosf,-logE plane, where Nys; and Ngy are the numbers of
expected muon type events in the presence and absence of addi-
tional NSIs, respectively. This gives the difference in the number
of expected muon events at the detector, normalized to the square
root of expected number muon events in the absence of any new
physics. It can be interpreted as a rough estimate of the statisti-
cal significance with which the NSI parameters &,; and &;; can
be constrained at PINGU, with three years of data.

In Fig. 4, we show this quantity for the case where &, =0.033
and &;; =0, while in Fig. 5, we allow both the NSI parameters
to be non-zero and at their current Super-Kamiokande bounds at
90% C.L, i.e. |g,¢| =0.033 and |&;| = 0.147. The left (right) plot
of Fig. 4 is for normal (inverted) neutrino mass hierarchy. A di-
rect comparison of the left plot of this figure can be made with
the left plot of Fig. 2. The blue and red regions of the two plots
are seen to be congruent with each other, where the additional
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smearing in the event plot is due to the finite detector resolutions
involved. Nonetheless, for the core-crossing bins, one can clearly
observe an excess of events due to NSIs at E ~ 25 GeV, and a de-
pletion at E ~ 10 GeV and in the broad energy range between
E € (40-100) GeV. Comparison of the right plot (for inverted hi-
erarchy) of Fig. 4 with the left plot (for normal hierarchy) reveals
that the distribution of the difference in the number of events due
to NSIs changes significantly with the changing of the neutrino
mass hierarchy.

In Fig. 5, we repeat this exercise for the case where both the
NSI parameters &£,,; and £;; are non-zero simultaneously. The left
plot is for £, =0.033 and &;; = 0.147, while the right plot shows
the impact of NSIs with the sign of both ¢,; and &;; flipped.
For both plots we have assumed normal neutrino mass hierarchy.
Switching on |e;¢| has the main effect of increasing the muon neu-
trino survival probability over most of the energy range considered.
As a result, the red regions in Fig. 5 become brighter compared to
the ones in Fig. 4, while the blue regions diminish and almost go
away. From Fig. 5 one can also note that the sign of £,; and &
does not make much of a difference to the expected event rates.
This was also noted in Fig. 3.

4. x? analysis and constraints on NSIs

In this section, we present results of our statistical analysis of
the expected number of events at the PINGU experiment, and the
constraints that they could put on the NSI parameters &,; and &¢;.
We take as our “data” the predicted event rates at PINGU for the
following “true” values of the neutrino oscillation parameters:

Am3, =7.45 x 107° eV?,
612 = 33.57°, 013 =8.73°,

Am3; =2.417 x 1072 eV?,
03 =41.9°, écp =0,

where we have adopted the standard notation for these parameters
used in the literature. We next “fit” these data by minimizing a )2
function defined as

2 — min

h ex\2

e | T & (11)
ij s=1

where N,t]h and ijx are the predicted and “measured” numbers
of events in the ith zenith angle bin and the jth energy bin, re-
spectively, as described in the previous section and the primed

N’,th denotes the expected events with the systematic uncertain-
ties taken into account as follows:

k
h
NG =NI(14+) 75 | +0(&2). (12)
s=1

where nfj is the uncertainty in the ijth bin due to the systematic
error s, and &; is the corresponding pull variable. We have included
five systematic uncertainties in our analysis. We take a flux nor-
malization uncertainty of 20%, cross-section normalization uncer-
tainty of 10%, additional uncorrelated detector uncertainty of 5%,
zenith angle dependent uncertainty in the flux of 5%, and an en-
ergy dependent uncertainty in the flux of 5%. While the first three
systematic errors affect only the normalization of the events, the
last two change the energy and zenith angle spectral shape. In our
analysis, we have taken ten zenith angle bins of equal width 0.1
in cosf, between cos@, = —1 to 0, and 27 energy bins, twelve of
which have width 2 GeV between 2 GeV and 26 GeV, and the re-
maining 15 have width 5 GeV between 26 GeV and 101 GeV.

In Fig. 6, we present the median x? after three years of run-
ning of the PINGU experiment as a function of the NSI parameters
gy (left plot) and &¢; (right plot). To generate this plot, we use
“data” which conform to standard oscillations with NSI parameters
assumed to be zero. We next fit these “data” for non-zero values of
&ur and &;¢. The red dot-dashed curves, the blue dashed curves,
and the green solid curves are for data corresponding to normal
neutrino mass hierarchy, while the black dotted curves correspond
to inverted neutrino mass hierarchy. With true normal hierarchy,
the red dot-dashed curves show the x2 without marginalization
over the neutrino oscillation parameters and without including the
systematic uncertainties. Switching on the marginalization over the
parameters Am§1, sin?60;3, and sin® @3 lowers the x2 and the
corresponding results are given by the blue dashed curves. We
have checked that marginalization over |Am§1| has the largest im-
pact on the x2. When marginalizing, we put priors on the three
neutrino oscillation parameters with 1o errors as follows: 1% for
|Am§l|, 2% for sin® 6,3, and 0.005 for sin®26y3. We have checked
that marginalizing the x2 over &;; in the left plot and £y in the
right plot of Fig. 6 makes negligible difference to the outcome.

Once both marginalization as well as systematic uncertainties
are included, we obtain the green solid curves. Note that the sys-
tematic uncertainties in this case do not seem to make too much
impact on the sensitivity of the experiment to the NSI parame-
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ters. This is in contrast to the case of neutrino mass hierarchy
determination at PINGU, where the energy and zenith angle depen-
dent uncorrelated errors make a significant reduction of the x2.
The neutrino mass hierarchy determination crucially depends on
the difference between the number of predicted muon events be-
tween normal and inverted hierarchies and this is important in
the energy range (5-10) GeV, where it fluctuates fast between en-
ergy and zenith angle bins. Therefore, the energy and zenith angle
dependent errors can dilute the x2 for neutrino mass hierarchy
determination. However, for NSIs, the relevant energy ranges in
the interval between (10-100) GeV, where the fluctuation from bin
to bin is not significant. This is evident from Figs. 4 and 5. It is
noteworthy that detector resolutions do dilute and wash-out to a
large extent the NSI contributions at energies lower than 10 GeV,
as is obvious by comparing the probability figures with the event
figures, as was discussed before. Finally, the black dotted curves
are for true inverted hierarchy with both marginalization and sys-
tematic uncertainties taken into account. Note that the trend of
the x2 curves between positive and negative values of &ur and
&¢¢ reverse when we change from normal to inverted hierarchy.
For normal hierarchy, we have better constraints for negative &,
and positive €77, whereas for inverted hierarchy, we have better
constraints for positive £, and negative £¢;.

With three years of data, a median experiment like PINGU is
expected to constrain the NSI parameters at the 90% C.L. to

—0.0043 (—0.0048) < £,,; < 0.0047 (0.0046),
—0.03 (—0.016) < &;7 < 0.017 (0.032)

for normal (inverted) neutrino mass hierarchy, with the projected
uncertainties over standard oscillation parameters taken into ac-
count. At the 30 CL., the corresponding bounds are expected to
be

—0.0074 (—0.0086) < £,,; < 0.0086 (0.0081),
—0.04 (—0.025) < &77 < 0.025 (0.04)

for normal (inverted) neutrino mass hierarchy. We have used the
definition where 90 % C.L. corresponds to Ax? =2.71, while 3¢
corresponds to Ax?2 =9. Therefore, PINGU with just three years
of running could constrain the NSI parameters nearly one order
of magnitude better than the current bounds from the Super-
Kamiokande experiment.

In Fig. 7, we display the 90% (red), 95% (orange), and 99% (yel-
low) C.L. contours in the &,:-£;; plane, which are expected from
three years of running of PINGU. The four patches in this figure
correspond to four different data sets considered for the assumed
true values of the NSI parameters (g,¢,£7¢) that equal to (0,0),
(0.015, 0), (0,0.075), and (0.015, 0.075). These are shown by black
dots in the figure. In addition, we have assumed normal neu-
trino mass hierarchy for all cases. The fit is marginalized over the
standard oscillation parameters Am%l, sin? 613, and sin? 6>3. The
allowed area for a given data set is unique and exists around the
(black) point where the data were considered. Note that the shape
of the contours changes as we change the assumed allowed set
of true values for (&7, &7¢). The allowed range of e;; decreases
as the true value of e€;; increases, irrespective of the true value
of &,¢. The change is less marked on the allowed range of ¢,:.
However, one still obtains a larger allowed range for g, if the
NSI parameters were non-zero compared to the case when there
are no NSIs. This figure shows more expected allowed ranges for
&ur and &¢; at any given CL. than Fig. 6 for two reasons. Firstly,
both £,; and &; are varying in the fit, and secondly, the defini-
tion of C.L. chosen in this figure corresponds to a two-parameter
fit (Ax2=19.21,5.99, and 4.61 for 99% C.L, 95% CL., and 90%

0.1
0.051 ]
<
W or |
—0.051 ]
Normal Hierarchy
~0.1 . . . .
—-0.02 -0.01 0 0.01 0.02 0.03

Eur

Fig. 7. The 90% (red), 95% (orange), and 99% (yellow) C.L. contours in the &, -&¢¢
plane, expected from three years of running of the PINGU experiment for four differ-
ent choices of the true values for the NSI parameters (£, £77) of (0,0), (0.015,0),
(0,0.075), and (0.015,0.075). The fit is performed by marginalizing over the stan-
dard oscillation parameters Am%l, sin? 03, and sin® 63, with priors imposed on
them as described in the text. The black dots denote the points at which the “data”
were considered. The allowed area for a given data set is unique and exists around
the (black) point where the data were considered. Normal neutrino mass hierarchy
was assumed to be true for all four cases. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

C.L., respectively). The shape of the contour suggests that in atmo-
spheric neutrino experiments like PINGU, there is very little corre-
lation between the NSI parameters &, and &;;. We have checked
that no new features arise in the allowed C.L. contours when in-
verted hierarchy is assumed to be the true hierarchy. Hence, we
do not explicitly show the corresponding contours for the inverted
mass hierarchy.

5. Summary and conclusions

In this work, we have investigated the impact of the NSI param-
eters £;,¢ and |&¢¢ — &y | on the PINGU atmospheric neutrino ex-
periment, which is a planned extension of the already operational
IceCube (and DeepCore) experiment(s) that has been successfully
observing very high energy neutrinos in the 10 GeV to a few PeV
energy range. This experiment has already collected a large body
of data on very high energy neutrinos, including the ones com-
ing from the Earth’s atmosphere. The PINGU proposal plans to
reduce the energy threshold of the detector to less than 5 GeV
by placing more strings carrying the optical modules in a small re-
gion of the detector. This lower energy threshold would enable the
observation of Earth matter effects for atmospheric neutrinos in
the (5-10) GeV range, thereby leading to the determination of the
neutrino mass hierarchy. With a multi-megaton effective volume,
PINGU could determine the neutrino mass hierarchy to a very high
statistical significance within a short time. Prospects of looking for
NSIs at PINGU has been discussed in the literature before. In this
work, we have further extended these studies by looking at the
bounds on NSI parameters from PINGU in the (2-100) GeV range.

We have presented approximate analytical formulas giving the
difference in the muon neutrino survival probability AP, in the
presence of the NSI parameters &,; and |&;; — &yy| and plot-
ted them in the h-logE plane. The probability difference AP,
was given for the three-flavor case and the so-called two-flavor
hybrid model. A comparison of these approximate results against
the exact AP, calculated numerically revealed that the approx-
imate three-flavor formula failed to reproduce the correct AP,
especially at higher energies and for values of |e;; — &,y close
to the upper bound from Super-Kamiokande. On the other hand,
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the hybrid model agreed reasonably well with the exact numer-
ical results, modulo the small difference at low energies coming
from the fact that a step-function Earth matter density profile was
used for the former, while the PREM profile was used for the lat-
ter. The impact of the NSI parameters was observed to be largest
at E ~ 25 GeV. We showed the impact of g,; and &;; (setting
eguu =0) on APy, separately. We also showed the impact of
changing the sign of ¢,; and &;; on APy, as well as the im-
pact of the neutrino mass hierarchy.

We have calculated the events due to atmospheric neutrinos at
PINGU and plotted the difference between the number of events
given by standard oscillations and oscillations in presence of NSI
parameters in the cos6,-log E plane. The event plots followed the
trend expected from the probability plots, modulo the smearing
out of the energy and zenith angle fluctuations due to the finite
energy and zenith angle resolution of the detector incorporated
in our calculations. Next, we have performed an estimate of the
sensitivity of PINGU to NSI parameters by defining a x2 function,
taking into account the systematic uncertainties in the atmospheric
neutrino fluxes. In the case that there were no NSIs in the neutrino
sector, with three years of data, PINGU should be able to constrain
the NSI parameters at the 90 % C.L. to

—0.0043 (—0.0048) < &, < 0.0047 (0.0046),
—0.03 (—0.016) < &7 <0.017 (0.032)

for normal (inverted) neutrino mass hierarchy, after marginalizing
the x2 function over the projected uncertainties of the standard
neutrino oscillation parameters. Finally, we have showed the ex-
pected C.L. allowed contours in the &,;-£;; plane with three years
of PINGU data if the NSIs exist in Nature. The contour also implies
that there is basically no correlation between &, and &¢¢.
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