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Abstract: We describe a technique used to reconstruct the energy and Xmax of Ultra High Energy Cosmic
Rays (UHECR) observed by the HiRes detector in stereoscopic mode. This technique calculates the
relationship between the number of shower particles at a depth of the shower to the signal in either angular
or time bins. This relationship is calculated for a given shower segment location. The estimated number of
shower particles at a given shower depth is calculated using this relationship from the observed bin signals.
The observed longitudinal shower profile is then fit using a technique developed by Martin Block which
judiciously removes problematic data points. In simulation, energy resolutions of approximately 12% or
better are obtained with high efficiency for energies above 1018.5 eV. The estimated Xmax resolution for
this technique is approximately 35 g/cm2 or better at these energies.

Introduction

The High Resolution Fly’s Eye is an observatory
designed to observe cosmic rays with energies in
excess of 1018 eV. The indirect measurement tech-
nique of air fluorescence is used to maximize the
detector aperture for greater probability of observ-
ing the highest energy events. The HiRes detec-
tor has the capability to measure the energy, ar-
rival direction, and chemical composition of these
high energy particles as they enter the Earth’s at-
mosphere. Located in the West Desert of Utah, two
groups of air fluorescence detectors (HiRes1 and
HiRes2) separated by 13 kilometers make separate
observations of air showers in stereoscopic mode.
Each detector provides nearly full azimuthal cover-
age and can view between 3◦ and 17◦ (HiRes1) or
31◦ (HiRes2). By combining the geometrical and
temporal information of both detectors, cosmic ray
induced air showers can be reconstructed in a su-
perior manner than by only one detector. Stereo
operations began in December 1999 and ended in
April 2006. Over that time period, HiRes collected
over 3300 hours of stereo data providing an ap-
proximate exposure of 3200 km2 sr yr at energies
above 1020 eV. Over 12000 cosmic ray candidates
were observed during this time.

Light collection

As a high energy cosmic ray primary particle en-
ters the Earth’s atmosphere it quickly interacts
with an air molecule causing a cascade of sec-
ondary particles that result in an extended air
shower (EAS). The electromagnetic component of
the EAS excites N2 molecules which fluoresce ul-
traviolet light most strongly at the 335 to 390 nm
wavelengths. This UV light is isotropically emit-
ted and propagates through the atmosphere to the
HiRes detector where it is reflected by one of many
large (∼ 5 m2) spherical mirrors and focused onto
each mirror’s associated cluster of 256 photomulti-
plier tubes, each providing a pixel size of approxi-
mately 1 degree. Using the timing and geometry of
the recorded light profile, a shower-detector plane
can be determined for each detector as well as the
arrival direction and core location. In addition, by
combining the information collected by the two
individual detectors, a stereoscopic determination
of the shower’s properties can be made to refine
these measurements. The recorded light flux is
then binned using either geometry (angular bins) or
timing (time bins) to construct the signal profile of
the EAS, measured in photoelectrons/m2/degree.
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Figure 1: Example of relative size of angular bins
on the photomultiplier tube cluster face.

Angular bins (figure 1) collate the light flux into
1.1 degree bins, where the bin flux is determined
by

φbin =
1

Aeff ·∆θ

Ntube∑
i=1

fi ·N i
pe (1)

where fi is the fraction of the ith tube contained in
the bin and N i

pe is the number of photoelectrons.
The weighted number of photoelectrons in the bin
is then normalized by Aeff , the effective area as-
sociated with the bin, calculated from ray-tracing,
and ∆θ, the bin angular size, to give us the signal
for a particular angular or time bin.
Time bins are constructed by dividing the light flux
that falls upon a photomultiplier tube cluster over
the individual 100 ns clock cycles of the flash ADC
electronics that comprise the HiRes2 detector[1].
Angular bins may be constructed for HiRes1 and
HiRes2 observed showers, but time bins are avail-
able only for HiRes2. Time bins are not available
for HiRes1 because it uses sample and hold elec-
tronics that do not repeatedly measure a shower
profile during an event trigger. Figure 2 shows
an example of a calibration laser event observed
by HiRes2 where angular and time bins have been
constructed from the resultant track on the cluster.

12345678910111213141516

17181920212223242526272829303132

33343536373839404142434445464748

49505152535455565758596061626364

65666768697071727374757677787980

81828384858687888990919293949596

979899100101102103104105106107108109110111112

113114115116117118119120121122123124125126127128

129130131132133134135136137138139140141142143144

145146147148149150151152153154155156157158159160

161162163164165166167168169170171172173174175176

177178179180181182183184185186187188189190191192

193194195196197198199200201202203204205206207208

209210211212213214215216217218219220221222223224

225226227228229230231232233234235236237238239240

241242243244245246247248249250251252253254255256

HiRes2 LaserRecon

Mirror 40  JDay 12669  03:41:25.000

Ang NBin 18

Tim NBin 70

 = AngBinCenter
 = TimBinCenter
 = TrigTube

 320 322 324 326 328 330 332 334

 

4

6

8

10

12

14

16

Figure 2: Typical vertical calibration laser shot as
seen by HiRes2 from the night of 30 January 2003.
Note that there are many more time bins than an-
gular bins. Here angular bin centers are separated
by 1.5◦.

Profile reconstruction

The depth of the shower at each bin is deter-
mined using the reconstructed geometry and the
density profile. The shower flux as a function of
depth is then calculated from the light flux in each
bin. This function needs to be converted to the
shower size as a function of depth (the shower pro-
file). Using standard shower parameters a simu-
lated shower is then generated and the light is prop-
agated using the measured atmospheric parame-
ters, fluorescence yield, mirror reflectivity, UV fil-
ter transmission, and quantum efficiency to deter-
mine the number of expected photoelectrons for a
given number of scintillation inducing particles in
the shower (termed the propagator). Applying this
calculated propagator, we obtain the shower pro-
file. This shower profile is then fit using a Gaussian
in age function[2], where the number of shower
particles is a function of shower age described by

N(s) = Nmax exp

(
−1

2

(
s− 1

σ

)2
)

(2)

where the shower age s(x) = 3x/x + 2Xmax.
Transforming eq. 2 into a function of shower
depth, x, we see that the fitting routine is solving
for three parameters.
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Figure 3: Example of a monte carlo generated
air shower and the fit to the shower profile. The
abscissa is depth in g/cm2 and the ordinate is
the number of charged particles. Diamonds are
the thrown shower profile, squares are the recon-
structed shower profile and the solid line is the
Gaussian in age fit found to best match the shower.

N(x;Nmax, Xmax, σ) =

Nmax exp

(
− 2

σ2

(
x−Xmax

x + 2Xmax

)2
)

(3)

The shower fitting routine is iterative and utilizes
the adaptive sieve fitting algorithm described by
Martin Block[3], which finds the best χ2 solution
by removing data bins with large residuals until an
acceptable solution is found. Typically the algo-
rithm throws away those bins that are near the edge
of mirrors where the effective area correction con-
tains large systematic errors. Once a solution is
found, the shower is fitted again using the last set
of parameters as the starting point of the simulated
shower generation and fitting routines and this pro-
cedure is repeated until the parameters converge to
the best solution. Figure 3 shows an example a
monte carlo generated shower and the fit that was
found using the method described above.

Figure 4: Parameterization of the fraction of miss-
ing electromagnetic energy expected in an EAS.
Several parameterizations are shown for compari-
son. The one used for this study assumes a primary
species ratio of 80% proton to 20% iron.

Energy determination

After the shower profile parameters have been de-
termined, the profile is integrated using dE/dx
energy deposition rate determined by a study of
CORSIKA showers. A similar method has been
previously described by Song, et. al. in [4]. We use
CORSIKA with QGSJet II as the hadronic model.
The calorimetric energy of the shower found by
this integration is also corrected for missing energy
lost from nuclear excitation, muons, and neutrinos
and other processes that do not produce fluores-
cence light (figure 4).

Monte carlo resolution studies

Monte carlo has been generated that simulates
the operating conditions of the HiRes detector
in a time dependent manner. Measurements of
stereo on time, atmospheric conditions, and trigger
thresholds are used to generate simulated showers
and the resultant signals recorded by the detector.
Using the reconstruction routines described above
the energy and Xmax resolutions were examined
and found to be 12% and 32.3 g/cm2 respectively
(figures 5 and 6). All events considered for this res-
olution study have reconstructed energies greater
than 1018.5 eV. This work is near completion but

469



STEREO RECONSTRUCTION AT HIRES

Figure 5: Energy resolution of monte carlo simu-
lated showers representative of the entire lifetime
of stereo operations at HiRes. The resolution is
seen to be 12% for events with reconstructed en-
ergy greater than 1018.5 eV.

further improvements to the energy and Xmax res-
olutions may be possible for this energy range.

Conclusions

A monte carlo that simulates the operating condi-
tions of the HiRes detector during stereo running
has been used to simulate air showers over the
seven years of operations. A new reconstruction
method using an iterative adaptive sieve algorithm
has been adopted to reconstruct showers. The en-
ergy resolution using this method is 12% and the
Xmax resolution is found to be 32.9 g/cm2.
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