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Abstract: HiRes has observed the GZK cutoff. HiRes observes two separate features in the ultra-high
energy cosmic ray (UHECR) energy spectrum: a hardening of the spectrum, the ankle, at an energy of
4 × 10

18 eV, and a sharp reduction in the flux at higher energies, above6 × 10
19 eV. This reduction

in the flux, given the primarily light measured composition, is at just the right energy to be caused by
the GZK energy loss mechanism. We present the latest HiRes monocular spectra, a description of our
systematic uncertainties, the aperture calculation and its verification, and fitsto the spectrum to estimate
the statistical significance of the observed features and their positions.

The GZK cutoff was predicted over 40 years ago,
when Greisen [1], along with Zatsepin and Kuzmin
[2], observed that the extragalactic flux of protons
with energies above6× 1019 eV would be sharply
reduced by energy losses from photo-pion produc-
tion of protons on the cosmic microwave back-
ground. The High Resolution Fly’s Eye Experi-
ment (HiRes) has now collected sufficient data to
observe the predicted cutoff.

In this presentation, we examine the procedure for
determining energies with the HiRes detectors in
monocular observation. Equally important is the
calculation of the aperture, which varies with en-
ergy. It is the absence of events that we take as
evidence of a cutoff, so we must accurately know
the aperture to draw this conclusion.

The data shown here are identical to those pre-
sented in [3]. This includes monocular spectra
from each of HiRes-I and HiRes-II. The HiRes-I
spectrum includes data taken between May 1997
and June 2005. The HiRes-II spectrum includes
data taken between December 1999 and August
2004.

Monocular reconstruction is discussed in detail in
our previous publications [4, 5]; we present only a
summary here. One determines the geometry of an
extensive air shower in monocular mode by fitting
the PMT trigger times as a function of the viewing
angle. With the geometry determined, the photo-
electron count is then converted to a shower size at

each atmospheric depth, using the known geome-
try of the shower, and corrected for atmospheric at-
tenuation. We integrate the resulting function over
the shower depth,X (using the determined values
of Nmax andXmax), and then multiply by the av-
erage energy loss per particle to give the visible
shower energy. A correction for energy carried off
by non-observable particles to give the total shower
energy (∼ 10%) [6] is then applied.

HiRes-I events are too short in angular extent for
reliable determination of the geometry by timing
alone. Instead, the expected form of the shower de-
velopment itself is used to constrain the time fit and
yield realistic geometries. The expected shower
profile is taken to be the Gaisser-Hillas parameter-
ization [7], which has been shown to be in good
agreement with previous HiRes measurements [8].

Systematic Errors

The signal recorded in HiRes PMT’s depends on a
number of factors: the fraction of the shower en-
ergy which does not go into exciting air fluores-
cence, the energy loss rate of shower particles, the
fluorescence yield, the transparency of the atmo-
sphere, and the efficiency of the light collection
system. Most of these factors (e.g. mean energy
loss rate, fluorescence yield) give rise to an overall
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uncertainty in the energy but will not change the
shape of the spectrum.

The fraction of the primary particle energy that is
not observable depends on the type of the primary
cosmic ray. One must thus use the average cosmic
ray composition (not always well known) when
calculating the aperture. This fraction also depends
on the model used to simulate extensive air show-
ers. Fortunately, most of the energy is observable,
so the significant differences in missing energy
between proton and iron showers, and between
various models, lead to an uncertainty of only a
few percent. We use a missing energy correction
based on QGSJet calculations, and the composi-
tion measured by the HiRes Prototype/MIA Exper-
iment [9] and by HiRes itself (in stereo) [10]. The
differences between QGSJet and Sibyll are about
1%, while the differences between proton and iron
showers are about 5% [11]. We estimate a system-
atic uncertainty from the missing energy correction
of 5%.

The energy loss rate in the shower (dE/dX) con-
tributes in two ways. First, it determines the
shape of the reconstructed shower, as the amount
of light from a given position is converted into a
given number of shower particles. Second, when
the shower shape is fit to the Gaisser-Hillas form
[7], the averagedE/dX determines the energy of
the shower. We use an averagedE/dX of 2.19
MeV/(g/cm2) as calculated in [6]. Recent calcu-
lations give significantly higher (∼ 10%) rates,
which we take as the systematic uncertainty from
this factor.

The fluorescence yield connects the energy de-
posited in the atmosphere to the number of photons
produced. There have been several recent measure-
ments [12, 13, 14]. HiRes uses the value of [12].
If one fits the measurements, one finds that the ra-
tio of a fit to just Kakimotoet al to that of a fit
of all three, is1.00 ± 0.06. Thus, the three mea-
surements are consistent with each other at the 6%
level, which we take this as the systematic uncer-
tainty.

The systematic uncertainty due the transparency of
the atmosphere is dominated by the uncertainty in
size of the aerosol component. HiRes measured
the vertical aerosol optical depth (VAOD) with a
bistatic LIDAR system [15, 16]. However, since
some of the data from HiRes-I was collected be-

fore the LIDAR system was deployed, we have
chosen to use the average VAOD in correcting the
signal. We have tested the validity of this approach
by analyzing some of the data from HiRes-II us-
ing the measured VAOD’s rather than the average
value [11]. This leads to a shift in the energy of
4% independent of energy, which we take as the
systematic uncertainty.

The mirror reflectivity, filter transmission and
quantum efficiency, were all measured in our pho-
tometric calibration. Xenon flash lamps and YAG
lasers were used in this calibration as described in
[4]. This calibration is accurate to∼ 10%.

Combining all these systematic uncertainties in
quadrature gives an overall, energy independent,
systematic uncertainty in the energy of 17%. For
a spectral index of 2.8 (which is what we measure
for the slope between the ankle and the GZK cut-
off) this corresponds to a 30% uncertainty in the
flux.

Aperture Calculation

Calculating the aperture of a fluorescence detector
in a reliable manner is the most important task in
our analysis. The key to success in this process is
verification through data/MC comparisons: a per-
fectly accurate MC simulation of the detector will
give distributions of observables which are iden-
tical to those obtained in the data. The extent to
which the data and MC distributions agree with
each other determines the systematic uncertainty
of the aperture calculation.

The most relevant distributions to consider for the
aperture calculation are the distance to the shower
and the angular orientation of the shower. These
let one know that the calculation mimics the data
by putting the right number of showers in the right
places and at the right angles. Other distributions
(which are not orthogonal to the above ones in de-
termining the systematic uncertainty of the aper-
ture calculation) validate other aspects of the calcu-
lation, such as the shower brightness (light produc-
tions, transmission and collection) and time-fitting
χ2 (geometrical resolution). Each of these com-
parisons is shown in [17].

At lower energies, the requirement that the peak
of the shower development be observed in the de-
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tector leads to differing apertures for different pri-
mary particle types. However, to calculate the cor-
rect aperture does not require that we know the ex-
act composition of the primary cosmic rays, rather
that we have the right distributions of shower max-
imum positions,Xmax. A comparisons of this dis-
tribution was shown in [11]. The systematic un-
certainty in the aperture due to this effect is also
examined in [11], and it becomes quite large at the
lowest energies. Because of this we include only
HiRes-II data with energies above1017.5 eV.

In the latest set of data from HiRes-II (data col-
lected after that shown in [5]), an additional cut
was applied on the distance to the shower in order
to make the aperture calculation more robust. This
had the effect of reducing the aperture for this data
set. The result of the aperture calculation for both
HiRes-I and HiRes-II is shown in figure 1.
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Figure 1: The apertures of the HiRes-I and HiRes-
II detectors operating in monocular mode.

Monocular Spectra and Fits

The latest HiRes monocular spectra are shown in
Figure 2 along with the AGASA measurement [18]
for comparison.

We have fit the two HiRes monocular spectra us-
ing a binned maximum likelihood method [19],
where we have included two empty bins at high
energy with significant exposure for each spec-
trum. The fitting function was a broken power
law with a changeable number of floating break-
points. A fit with two breakpoints finds breaks at
1018.65±0.05 eV and1019.75±0.04 eV. The spectral
slopes were found to be3.26 ± 0.02, 2.81 ± 0.03
and5.1 ± 0.7, respectively. When the two spec-
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Figure 2: The cosmic-ray energy spectrum mea-
sured by the HiRes detectors operating in monocu-
lar mode. The spectrum of the HiRes-I and HiRes-
II detectors are shown. The highest two energy
bins for each detector are empty, with the 68% con-
fidence level bounds shown. The spectrum of the
AGASA experiment is also shown.

tra are made statistically independent by remov-
ing events-in-common from HiRes-I, the fit had a
χ2/DOF of 39.5/35. Compare this to a fit with only
one breakpoint (in which the break point was found
to be at the ankle) where theχ2/DOF was 62.9/37.
Theχ2 difference of 23.4, while adding two DOF,
implies that the two break point fit is preferred at a
confidence level corresponding to 4.5 standard de-
viations.

One can also calculate the number of events ex-
pected if the second breakpoint at1019.75 eV were
absent. For this calculation we extended the mid-
dle section to the highest energies without chang-
ing the spectral slope. Using the recorded expo-
sures (with the overlap between the two detectors
removed), we expect 39.9 events above1019.8 (the
lower edge of the first bin completely above the
break point) from this extrapolation, where in fact
we observe only 13 events. The Poisson probabil-
ity for the observed deficit is∼ 7.1× 10−7, which
corresponds to a significance of 4.8 standard de-
viations, consistent with theχ2 calculation above.
Since the break occurs at the expected threshold
for GZK energy loss, we conclude that the break is
the GZK cutoff.

A test of this interpretation of the break as the GZK
cutoff is provided by theE1/2 criterion suggested
by Berezinsky and Grigorieva [20].E1/2 refers to
the energy at which the integral spectrum falls to
half of what would be expected in the absence of

453



OBSERVATION OF THEGZK CUTOFF

the GZK cutoff. Figure 3 shows the integral HiRes
spectra divided by the integral of the power law
spectrum used above to estimate the number of ex-
pected events above the break. From this plot, we
find E1/2 = 1019.73±0.07. Berezinsky and Grig-
orieva predict a robust theoretical value forE1/2 of
1019.72 eV for a wide range of spectral slopes [20].
These two values are clearly in excellent agree-
ment, supporting our interpretation of the higher
break as the GZK cutoff.
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Figure 3: The HiRes monocular integral spectra,
divided by the expectation from the fit in Figure 2
with no high energy break point. The integral spec-
trum from the actual fit is also displayed as the
black line. Only HiRes-I values (in red) are used
to make an estimate ofE1/2, interpolating between
the central value and one standard deviation limits.

In summary, we have measured the flux of ul-
trahigh energy cosmic rays with the fluorescence
technique, in the energy range1017.2 to above
1020.5 eV. We observe two breaks in the energy
spectrum corresponding to the GZK cutoff and the
ankle. The statistical significance of the break
identified with the GZK cutoff is∼5 standard de-
viations. We measure the energy of the GZK cutoff
to be(5.6 ± 0.5 ± 0.9) × 1019 eV, where the first
uncertainty is statistical and the second is system-
atic.
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