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Searching For Simultaneous Showers in the High Resolution Fly’s Eye Data
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Abstract: A search was made for the interaction between cosmic rays andions in the heliosphere using data collected
by the High Resolution Fly’s Eye’s HiRes-1 detector. This interaction could produce a jet containing neutral pions which
can lead to an observation of the unique signature of parallel, simultaneous photon showers. If observed, this would be
suggestive of new physics affecting the propogation of extensive air showers. The results of this search are presented.
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1 Cosmic Ray Interactions in the Helio-
sphere

Cosmic rays with energy& 1012 eV arrive at the Earth
from sources far away from the Sun. As such, these par-
ticles must penetrate the Sun’s heliosphere. Since the he-
liosphere is a plasma, an Ultra-High Energy Cosmic Ray
(UHECR) can potentially interact with the ions within this
plasma. If an UHECR proton interacts with the helio-
sphere, it will produce mostly pions. The charged pions
will decay into muons and neutrinos, of which the muons
will be subjected to magnetic bending. The neutral pions
will decay into a pair of photons and will travel almost di-
rectly along the initial pion’s trajectory. Once the photons
reach the Earth they will act like ultra-high energy gamma
rays with energies close to the initial pion which can be
within one to two orders of magnitude of the primary cos-
mic ray. One dramatic difference, however, is that they
will produce the unique signature of a pair of simultane-
ous, nearly parallel showers.

1.1 Cosmic Ray Interaction Probability

The heliosphere is created when supersonic particles ex-
pelled from the Sun interact with the supersonic particles
of the intergalactic wind. The heliosphere is divided into
different regions depending upon the speed and density of
the particles creating it. The primary regions that can po-
tentially produce an interaction with an UHECR are the
termination shock, the heliosheath, and the hydrogen wall
since they have the greatest density [1].

For an average energy of∼ 1018.5 eV, the total cross-
section is estimated to be approximately 120 mb from the
HiRes experiment [2]. The inverse of the product of the

density of the region and the cross section gives the inter-
action length between a proton in the heliospheric plasma
and the UHECR. The interaction probability is then deter-
mined by dividing the thickness of the region by the inter-
action length. The hydrogen wall is the region most likely
to produce an interaction, but it is also the farthest away and
will only interact with a∼ 10−11 probability [1]. Due to
this increasingly rare interaction, it is very unlikely to ob-
serve this kind of event, but this study was still performed
to test whether one was observed.

1.2 Photon Observation

In the rest frame of theπ0, the two photons would have tra-
jectories directly away from each other in order to conserve
momentum (see figure 1) and each would carry half of the
mass energy of the pion,Mπ0 . Four-vector, relativistic me-
chanics shows that the two photons would have a transverse
direction which results in a trajectory away from the origi-
nal direction of the pion which results in an opening angle
between the two photons (see figure 1), and consequently a
perpendicular separation

D⊥ = 2R tan

(

|θ1|+ |θ2|

2

)

≃ R(|θ1|+ |θ2|) (1)

whereθ is the lab-frame angle away from the pion’s trajec-
tory for photoni andR is the distance between the Earth
and Heliosphere. Details of this calculation can be found
in [1]. When the photons arrive at the Earth, the photons
appear to have parallel trajectories, but with a transverse
spread between the shower cores dependent upon the en-
ergy of the original pion and opening angle between the
photons (see figure 2).
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Figure 1: This figure shows the decay of a neutral pion in
both its rest frame and the lab frame.
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Figure 2: The perpendicular separation between Monte
Carlo photons at various energies (R = 75 AU).

2 Searching for Double Showers

The High Resolution Fly’s Eye HiRes-1 data was used for
the study since it was the most extensive available at the
time of this search. New techniques were developed in or-
der to distinguish two separate showers within the data and
Monte Carlo [1]. Primarily, the HiRes-1 Monte Carlo was
modified to allow for two showers to be produced within a
single event. Additionally a series of Hough transforms [3]
were used to determine event shower tracks.

Depending upon the energy of the pion, and therefore the
energy of and spread between the photon showers, the light
produced in the extensive air shower can arrive at the detec-
tor in three different patterns: 1) within the same telescope
within a single event, 2) in two separate telescopes within
a single event, or 3) in two separate events. An event is
definded as a100 µs time window to combine information
from separate telescopes observing the same shower.

2.1 Separate-Event Double Showers

The minimum time separation between the data events was
determined to be101 µs, just above the time window be-
tween events. There is a strict dependance between the total
photon energy (Eπ0 =

∑

Eshowers), the energy difference
(∆Eshowers), and the time difference (∆Tshowers) [1]. As
such, the recorded event information is inconsistent with
π0 double-showers (see figure 3).
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Figure 3: The difference in arrival time versus the differ-
ence in energy with observed event pairs. The Monte Carlo
has predictable patterns which is inconsistent for the data.

2.2 Single-Event Double Showers

After removing all known laser events that showed to have
two tracks within a single event, there were still 23 events
that appeared to be double showers. In order to justify the
removal of these events a test was made using the trigger
time,ti, and the in-plane angle,χi, to check if the two clus-
ters could be from the same shower. To do this, a Hough
transform was applied to the time-versus-angle (TvA) dis-
tribution to test the separation between the tracks.

There are three ways double-shower Monte Carlo was ob-
served by the detector that affects the TvA and the cor-
responding Hough transform distributions. The first is a
distinct double-shower pattern in the event display with the
showers arriving at different times (see figure 4). The sec-
ond pattern is where the two showers are approaching the
detector in parallel and at the same time (see figure 5). The
third is where the two showers completely overlap since
their perpendicular separation is very narrow (see figure 6).

The primary question then becomes: how can these clus-
ters be distinguished as separate shower tracks? To do this,
a series Hough transform calculations were performed: 1)
using individual, separate cluster Shower-Detector Planes
(SDPs), 2) using the SDP of the first cluster for the sec-
ond cluster, and 3) applying these processes to Monte Carlo
events generated with only a single shower per event to de-
termine precision cuts.

The calculation to determine the mean inclination angle,
θ, and distance to the origin,r, first requires the metric of
the two parameters to be the same. This is done by mul-
tiplying the angle of tubei in the SDP,χi, by the inverse
angular speed, which has the units ofµs/degree, to give
χ′

i. The tube trigger time,ti, is then plotted againstχ′

i

and time-ordered lines are determined between each pair
of tubes (see figures 7 and 8). These lines are then used
to calculate the correlated values ofθi andri. Since the
Hough lines can point between(0◦, 180◦], there are many
outlying points which need to be removed to determine a
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Figure 4: A Monte Carlo double-shower event with distinct
time-trajectories as viewed by the detector.
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Figure 5: A Monte Carlo double-shower event with similar
time-trajectories as viewed by the detector.

best-fit mean line. Each pair point is calculated to be some
distance,~Xjk (the normalized RMS deviation), away from
the mean,| ~X|. Points ~Xjk ≥ 2 × | ~X| are iteratively re-
moved to determine a refined mean (see figure 9) [1].

The best way to determine if two lines could be consid-
ered the same track is to perform this same technique using
the cluster-1 SDP to calculate the in-plane angle,χ, for
both tracks (see figure 10). This shifts theχi of cluster
2, allowing for different ~Xjk and | ~X | values to be deter-
mined. The distribution of the difference between~X de-
termined using separate-versus-same SDPs for all Monte
Carlo double-shower events was determined and compared
to Monte Carlo events generated with single showers to de-
termine “distinguishing” cuts (see figure 11). The 23 data
events were then checked and it was determined that they
were too close to the same track to claim the observation of
double shower events (see figure 12).

2.3 Pion Decay Aperture

No double-shower events were observed by the HiRes-1
detector, so a flux for this form of interaction cannot be

Azimuth (Degrees)
180 185 190 195 200 205 210

E
le

va
tio

n 
(D

eg
re

es
)

4

6

8

10

12

14

16

0

2

4

6

8

10

12

14

16

18

20

HR1 3808/04/29 08:28:16.000103 UTC
s]µTime,  [

Figure 6: A Monte Carlo double-shower event with over-
lapping time-trajectories as viewed by the detector.

Figure 7: A schematic showing how a pair of TvA distri-
bution points is converted intoθ andr parameters using the
Hough transformation.

measured. However, many events were able to be retained
in the Monte Carlo, so a preliminary aperture can be deter-
mined (see figure 13). Future refinements of this study will
be performed and result in an upper limit for this exotic
interaction.
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Figure 8: The individual-SDP TvA distribution of figure 5.
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Figure 9: Thedjk andθjk distribution of cluster 2 of figure
8 using cluster 2’s SDP; spurious points removed.
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Figure 10: Thedjk andθjk distribution of cluster 2 of fig-
ure 8 using cluster 1’s SDP; spurious points removed. Note
the| ~X | value shifts by2.5σ.
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Figure 11: The distribution of the difference between| ~X|
of cluster-2 using individual, separate SDPs and cluster-2
using the SDP of cluster 1 for double-shower Monte Carlo
and single-shower Monte Carlo.
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Figure 12: The distribution of the difference between| ~X|
of cluster-2 using individual, separate SDPs and cluster-
2 using the SDP of cluster 1 for data and single-shower
Monte Carlo.
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Figure 13: The true aperture of observing heliosphericπ0

decays calculated using the double-shower Monte Carlo.


