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Sources for cosmic neutrino events detected by the IceCube Neutrino Observatory with energy
above 30 TeV are hard to find due to their poor angular resolutions. Ultrahigh-energy cosmic
rays (UHECRs) are detected with better angular resolutions above 100 EeV energies and can be
used to check if the same astrophysical sources are responsible for producing both neutrinos and
UHECRs. We test the correlation of UHECR data of the Pierre Auger Observatory, Telescope
Array and past cosmic-ray experiments with IceCube neutrino events using statistical methods
which emphasize invariant quantities. We find that the arrival directions of the 3yr IceCube de-
tected cosmic neutrinos are correlated with > 100 EeV UHECR arrival directions at confidence
level ~ 90% . In our recent approach we have tried to find a correlation of the 4 yr IceCube
detected High-Energy Starting Events (HESE) neutrino events with UHECRs from PAO and TA.
We found more than 30 correlation for PAO only and TA+PAO UHECRs events > 100 EeV.
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1. Introduction

IceCube Neutrino Observatory at South pole is the world’s largest neutrino detector built in 1
km? volume ice, and has observed neutrino events within energy range ~ 20 TeV-2.3 PeV range in
last 4 years [1, 2]. 37 neutrino events were detected in the first 3 yr of IceCube observation. Shower
events, most likely due to v, or v; charge current VNN interactions and also due to neutral current
VN interactions of all flavors, dominate the event list (28 including 3 events with 1-2 PeV energy)
while track events, most likely due to v, charge current VN interactions, constitute the rest out of
the 3 yr data. Among these 37 events about 15 could be due to atmospheric neutrinos (6.61’? :g)
and muon (8.4 £4.2) backgrounds. A background-only origin of all 37 events has been rejected at
5.7-0 level [1]. A similar observation has also seen for 4 yr IceCube data set [2].

UHECRs are the other high energy particles, mostly protons or heavy nuclei, detected from
extragalactic origin. Pierre Auger Observatory (PAO) [3] and the Telescope Array (TA) [4], two of
the world’s largest operating cosmic-ray detectors, have recently released UHECR data collected
over more than 10-year and 5-year periods, respectively. Together they have detected 16 events (6
by PAO [3] and 10 by TA [4]) with energies = 100 EeV. The total publicly available = 100 EeV
events including past experiments is 33. Lower energy cosmic rays may get deflected from the
arrival directions by the Galactic and intergalactic magnetic fields. However at = 60 EeV energies
the arrival directions of UHECRs tend to be much better correlated with their source directions
and astronomy with charged particles could be realized [5]. The astrophysical sources of UHECRs
with energy = 40 EeV need to be located within the so-called GZK volume [6, 7] in order to avoid
serious attenuation of flux from them due to interactions of UHECRs with photons from cosmic
microwave background (CMB). The astrophysical sources of neutrinos, on the other hand, can be
located at large distances and still be detected provided their luminosity is sufficiently high.

We explore here a possibility that both UHECRs and IceCube cosmic neutrino events are
produced by the same astrophysical sources within the GZK volume. Since widely accepted Fermi
acceleration mechanism of cosmic rays at the sources take place over a large energy range, it is
natural that the same sources produce = 1 PeV cosmic rays, required to produce cosmic neutrinos
observed with energies down to ~ 30 TeV, and UHECRs. We studied the correlation of UHECRs
within the angular errors IceCube neutrino events . Existence of such a correlation can provide
clues to the origin of both cosmic neutrinos and UHECRs.

In order to pursue our study we used two sets of the IceCube data and two different analysis
methods. 1) We employ invariant statistical method [8], independent of coordinate systems, in
order to study angular correlation between the first 3 yr cosmic neutrinos of IceCube and the UHE-
CRs. 2) Cross correlation method [9] is used to study the correlation of the 4 yr neutrinos within
energy 20 TeV to 2.3 PeV and the UHECRs above > 100 EeV.

2. IceCube neutrino events and UHECR data

In the first analysis we used the 35 IceCube neutrino events, collected over the first 988 days
in the ~ 30 TeV-2 PeV energy range, from ref. [1] to study angular correlation with UHECRs.
Two track events (event numbers 28 and 32) are coincident hits in the IceTop surface array and are
almost certainly a pair of atmospheric muon background events [1]. Therefore we excluded them
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from our analysis. The angular resolutions of the track events are < 1.4° and those of the shower
events vary between 6.6° and 46.3°.

The second analysis include 52 IceCube events collected over 1347 days excluding the 2 muon
tracks mentioned above. Out of these 54 events detected within the 4 yrs include an estimated
atmospheric neutrino background 9.0f§:g and atmospheric muons 12.6 £5.1 [2]. So the number
of events seen is not from atmospheric origin with a confidence of 6.50 [2]. These events have
similar angular resolution as the 3 yr neutrino events.

The detail of UHECR events used are as follow. The PAO and TA collaborations have pub-
lished data with energies above 52 EeV (231 events) [3] and 57 EeV (72 events) [4], respectively.
Note that the PAO and TA are located in the southern and northern hemisphere, respectively, cov-
ering a declination range of —90° < Dec < 45° [3] and —10° < Dec < 90° [4]. The angular
resolutions for the PAO events with energy > 10 EeV is < 0.9° [10] while for the TA events with
energy > 57 EeV itis between 1.0° and 1.7° [4]. AGASA experiment has published data above 40
EeV (40 events) covering a declination range —10° < Dec < 90° and with angular resolution < 2°
[11]. Only > 100 EeV data are available from the other past experiments: Haverah Park [12, 13],
Yakutsk [12], Volcano Ranch [12] and Fly’s eye [12]. We could not include 13 events with energy
> 56 EeV from the HiRes experiment as the energies of the individual events are not available [14].

The publicly available earlier UHECR data includes 6 events from Haverah Park, 1 event from
Yakutsk, 8 events from AGASA, 1 event from Volcano Ranch, the highest-energy (320 EeV) event
from Fly’s eye above energy 100 EeV. We use these along with PAO and TA data separately to
study correlation with cosmic neutrino events.

3. Statistical method and data analyses

To study correlation between cosmic neutrinos and UHECRs, we map the event directions into
unit vectors on a sphere as £ = (sin @ cos ¢,sin@sin ¢, cos )7, where ¢ = RA and 6 = 1t/2 — Dec.
The angle between the two vectors y = cosfl(fneutrino - fUHECR ), 18 an invariant measure of the
angular correlation between the neutrino and UHECR arrival directions [8]. In our first method of
analysis following we use statistic made from invariant 7y for each neutrino direction &; and UHECR
direction £; pair as

8y =min;(y;/567), (3.1)

which is minimized for all j. Here 8 6; is the angular resolution of the detected IceCube neutrino
events. We use the exact resolutions reported by the IceCube collaboration for each event [1]. A
value & xlz <1is considered a “good match” between the i-th neutrino and an UHECR arrival direc-
tions. The distribution with observed data giving a number of “hits” or Ny;s with & xz < 1 therefore
forms a basis to claim correlation. Note that in case more than one UHECR directions are within
the error circle of a neutrino event, the § ¥ value for UHECR closest to the neutrino direction is
chosen in this method. We estimate the significance of any correlation in data by comparing Ny
with corresponding number from null distributions. We calculate statistical significance of correla-
tion in real data or p-value (chance probability) using frequentists’ approach. We count the number
of times we get a random data set that gives equal or more hits than the M in real data within
8x? < 1 bin. Dividing this number with the total number of random data sets generated (10°) gives
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us the p-value. We cross-check this p-value by calculating the Poisson probability of obtaining
Nhits within 82 < 1 bin given the corresponding average hits expected from the null distribution.

The second method named as the cross correlation is based on the number of neutrino and
UHECR pairs observed within a given angular region. We divided 86 into M = 10 concentric
rings, each with angular width 66/M. We count the number of pairs nj-l‘”“ in a given annular
ring(j). To get the confidence of correlation, we generate a large number sets of Monte Carlo
UHECR event distributions by randomizing their positions and then counting the number of pairs

in a given annular ring. The average number of pairs (77/“) and the variance (o) in each ring help

in calculating the relative excess (n jd“m — e ) /oj in a given ring. A larger positive value for the
relative excess corresponds to higher significance that the neutrinos and UHECRSs are correlated.
A negative value for the relative excess, on the other hand, represents anti-correlation between
them. The relative excess represents the Gaussian distribution for the correlation, o, and p-value is
calculated corresponding to this ©.

We construct two null distributions, in one case we randomize only the RA of the UHECRs,
keeping their Dec the same as in data; and in the second case we also randomize Dec accord-
ing to the zenith-angle depended sky exposure of the UHECR experiments along with the RAs
[19], affecting the declination distributions of UHECR data. We call these two null distributions
as the semi-isotropic null and exposure-corrected null, respectively. The semi-isotropic null is a
quick-way to check significance while the exposure-corrected null is accurate when information
on particular experiments are available. We find that the two null distributions are in good agree-
ment with each other in most cases.

4. Results

4.1 Correlations between neutrinos and UHECRs

We apply our first statistical method separately to the PAO and TA data, to a combination of
both and to all available UHECR data above 100 EeV from all experiments while for the second
method we have used separately to the PAO and TA data, to a combination of the both. Figure
1 shows the result of correlation study in case of first method of analysis. The counts in the 0 <
8 x? < 1 bins shown with the blue filled histograms correspond to the number of correlated neutrino
events with the UHECRs. Counts in other bins are due to distant pairs of the neutrino events and
UHECRSs and are uninteresting for us. The counts with the red (green), open histogram in the same
bins correspond to the expected number of correlated neutrino events from the semi-isotropic null
(exposure-corrected null). Both null distributions give similar results.

Figure 1 also shows p-values or the probability of finding the correlated events (0 < §x2 < 1)
in observed data as a fluctuation of the randomly distributed UHECRS in the sky. The probability
1 — p =~ 90% is the confidence level (CL) that the IceCube neutrino events and all available UHECR
data with energy > 100 EeV are correlated. A correlation with similar CL exists between the
neutrino and PAO-only data sets and between the neutrino and TA-only data sets. The Poisson
probability of obtaining Ny = 7 in PAO data when 4 are expected from the semi-isotropic null
distribution and Nis = 6 in TA data with 3.8 expected from the same null distribution are ~ 0.06,
in very good agreement with our p-values. Similarly, for the combined data set of all UHECRs
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Figure 1: Distributions of 82 found in the observed data (blue, filled histograms) and in the simulated data
corresponding to the semi-isotropic null (red, open histograms) and the exposure-corrected null (green, open
histograms). The histograms have been truncated at 8 = 10 for better display. The significance (p-values)
have been calculated for the 0 < §x2 < 1 bins.

> 100 EeV, Mys = 12 when expected value is 8.8 corresponds to a Poisson probability of ~ 0.07,
again in very good agreement with our p-value.

We remind the readers that the counts in the §x? distributions with TA+PAO data is not the
algebraic sum of the counts in the distributions with TA and PAO data separately. This is because
our §y? statistic choose the nearest UHECR data point even if more than one are present within
the error circle of a neutrino event. The same is true for distribution with all UHECRs. Note that
we list all UHECRs giving 8 x> < 1 in the table. There are 7 UHECRSs which are correlated with 2
or more neutrino events. None of the correlated neutrinos are PeV neutrino events.

Figure 2 shows the result for second method of analysis. The PAO only, TA only and TA+PAO
relative excess are shown with pink, blue and black color box respectively. We have used only
isotropic null distribution for doing this analysis and generated 10° Monte Carlo UHECRs. In case
of PAO only we get the maximum relative excess, 3.6 (3.60 of correlation) within the 0-0.1 60 bin,
and the corresponding p-value 2.6 x 10~*. However in case of TA-only the significance decreased.
The maximum relative excess is 1.5 (1.5 o of correlation) within the 0.4-0.5 §0 bin, and the corre-
sponding p-value 0.12. In case of TA+PAO the significance is less than PAO only. The maximum
relative excess is 2.46 (2.460 of correlation) within the 0-0.1 § 8 bin, and the corresponding p-value
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Figure 2: The left panel of the figure shows the relative excess of data over isotropic distribution for UHE-
CRs by PAO only (pink color box), TA only (blue box) and TA+PAO (black box) in 10 small concentric
rings of 66. And the p-value for the corresponding rings is shown in the right panel with same color lines
as left panel with 4 yr data of IceCube.

1.4x 1072,

4.2 Energy calibrated events

Energy calibration among different UHECR experiments is a widely-debated issue. If UHECR
flux is uniform over the whole sky and each experiment measures the same primary particles’ en-
ergy then the number of UHECR events should be proportional to the exposures of the experiments.
Therefore it is difficult, in particular, to reconcile the 10 TA events at > 100 EeV compared to the 6
from PAO, which has 20 times more exposure than TA. There are many energy rescaling procedure
suggested among experiments (see, e.g., refs. [16, 17, 18]) to bring their respective measured fluxes
close to each other, mostly at the “ankle” regime. Even these procedures cannot reconcile number
of events, after exposure corrections, above 100 EeV among different experiments.

To illustrate the energy rescaling effect on our correlation study, we adopt a recent procedure in
ref. [16] which is based on a joint PAO and TA analysis of UHECRs from an overlapping region in
the sky. We decrease the energies of the TA events by 25% but keep the energies of the PAO events
unchanged [16]. So the number of UHECRSs events above 100 EeV from TA is now 4, out of which
only 2 correlates with the neutrino events in the 5> < 1 bin (see Fig. 3) in case of first method of
analysis. Interestingly, however, there are now 6 counts in the 1 < 82 < 2 bin which corresponds
to a Poisson probability of 0.0108 according to the semi-isotropic null. A combined analysis of
the TA and PAO data considering the above energy rescaling, gives no significant correlation with
neutrino data.

In case of the second method of analysis the maximum relative excess increased to 1.9 (1.90
of correlation) in the same bin as earlier, from Figure 4. However for the TA+PAO the maximum
relative excess position shifted from 0-0.1 86 to 0.2-0.3 66 bin and the value is now 3.05 (3.050
of correlation).
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Figure 3: The same as in Figure 1 upper-right and bottom-left panels but the energies for the TA events
have been reduced by 25 % compared to the PAO events.
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Figure 4: The same as in Figure 2 upper-right and bottom-left panels but the energies for the TA events
have been reduced by 25 % compared to the PAO events.

5. Conclusion

We have investigated whether the arrival directions of cosmic neutrinos, detected by the Ice-
Cube, in first 3 yr and 4 yr are correlated with the arrival directions of UHECRs above energy 100
EeV. In order to test the correlation we have used 2 different methods. The first one is the mini-
mum & 2 invariant statistic method which is constructed from the angle between two unit vectors
corresponding to the directions of the neutrino events and UHECRs, and weighted by the angular
resolutions of the neutrino events. For this method we have used only the first 3yr IceCube neu-
trino events. The second method is Cross correlation. For this analysis we used the 4 yr IceCube
neutrino events. We have evaluated the significance of correlation for both the methods by using
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Monte Carlo simulations of randomly generated UHECR directions and comparing with data. We

found that IceCube cosmic neutrino events are correlated with the UHECRs with a significance of

90% CL in case of first method of analysis. However in the case of second method of analysis the

significance increases to more than 3¢ in the first bin of 66 for PAO only UHECRs, showing a

correlation of UHECRSs with neutrino events within 1.5 degree (as the average resolution degree of

IceCube neutrino events is 15°).
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