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The HiRes Experiment

HiResHiRes--IIHiResHiRes--IIII



2 December 2010 Cosmic Rays - LHC, ECT* Trento 4

The HiRes Experiment
 HiRes was a stereo 

fluorescence detector, operated 
from 1997-2006 on Dugway
Proving Grounds in Utah

 Observe the air-showers 
created by CR’s by collecting 
fluorescence light

HiResHiRes--IIII

HiResHiRes--II
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The HiRes Experiment
 Light collected by 5 m2

mirrors onto an array of 
256 (16×16) of PMT’s

 Each PMT sees 1° cone

 Each PMT records time 
and amount of light seen
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Event Reconstruction
 Two methods

 Monocular using timing

 Stereo using the 
intersecting shower-
detector planes

2
tan

0

i
i

c

R
tt P






Analysis Paradigm
 For spectrum and composition analyses, thorough 

understanding of the detector is essential

 Must understand the unavoidable biases the detector and 
the trigger impose on the collected data

 Understanding the detector means simulating it, and 
sampling the parameter space in the same way as in nature, 
in other words use a Monte Carlo simulation

 How to know the simulation is good enough?

 It must produce distributions indistinguishable from the 
actual data: Data/MC comparisons
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Data/MC Comparisons
 Inputs to MC: FE Stereo spectrum, HiRes/MIA & HiRes 

composition, library of CORSIKA produced showers, 
actual run-time parameters

 Result: excellent agreement, accurate aperture!
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HiRes Energy Spectra
Physics Today, May 2007

Monocular: PRL 100 (2008)

Stereo: Astropart. Phys. 32 (2010)



 Broken Power Law Fits
 Two BP with extension to 

test hypothesis that a break 
is present.
 Expect 43 events
 Observe 13 events
 Poisson probability:  P(13;43) 

= 7x10-8, 5.3s

 The break is statistically 
significant.

 Break is at (5.6 ± 0.5) x 1019

eV;
 GZK expected between 5 

and 6 x 1019 eV.
 The break is the true GZK 

cutoff.
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5-σ Obersvation of the GZK Break

E-5.1



 E½ is the energy where the 
integral spectrum falls 
below the power-law 
extension by a factor of 2. 

 Berezinsky et al.:  log10E½

= 19.72, for a wide range of 
spectral slopes.

 Use 2 Break Point Fit with 
Extension for the 
comparison.

 log10E½ = 19.73 ± 0.07

Passes the test.
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Berezinsky’s E½ Method as Test



 Theoretical predictions for 
spectrum shape agree with 
HiRes measurements.

 Compare HiRes spectrum 
slope above the GZK 
energy to Berezinsky et al. 
predictions:
 Line 1:  constant density.

 Line 5:  no sources within 
10 Mpc.

 Line 2:  double density 
within 30 Mpc.

2 December 2010 Cosmic Rays - LHC, ECT* Trento 12

Local Density of Sources



 Theoretical predictions for 
spectrum shape agree with 
HiRes measurements.

 Compare HiRes spectrum 
slope above the GZK energy 
to Berezinsky et al. 
predictions:
 Line 1:  constant density.

 Line 5:  no sources within 
10 Mpc.

 Line 2:  double density 
within 30 Mpc.

 HiRes:  E-5.1 fall-off.

 More work is needed to make 
a better comparison,  but...

Constant density of 
sources is favored. 
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Local Density of Sources

E-5.1



 Another indication of CMBR 
interactions: 

 Photon pair production

 Lower threshold than pion 
production

 The dip and its shape essentially 
model independent, provided 
primaries are protons

 Aloisio et al,  Astropart. Phys. 27
(2007).

 Consistent with “ankle” feature 
observed by HiRes (and also 
AGASA, Yakutsk, PAO...)
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Pair Production “Dip”
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Spectrum Comparison with Auger

Auger confirms all the spectral features of HiRes spectrum



Summary, Spectrum Analysis
 The GZK Cutoff is present, first observed by HiRes

 Spectrum details consistent with and indicative of a 
primarily protonic composition
 The energy of the GZK cutoff is as expected for protons.
 Highest energy extragalactic cosmic rays travel > 50 Mpc.

 The fall-off above the cutoff is evidence for a constant density of 
sources.  CR’s travel a long distance.  Spallation breaks up all 
nuclei at high energies: proton flux results.

 The ankle has been observed by HiRes, at 1018.65 eV.  The 
spectral index changes from -3.2 to -2.8
 Shape and energy of the ankle are consistent with electron pair 

production in collisions between extragalactic protons and 
photons of the CMBR.
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Direct Composition Measurements
 Several ways to measure composition using the 

longitudinal shower profile

 Mean Xmax

 Mean itself is very model dependant

 The rate of change with energy (elongation rate) is less

 Width of Xmax distribution

 Model independent but easily biased (“fat tail”)

 Individual shower widths
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 No model-independent way to 
determine composition via 
Xmax.

 Simulated airshowers are 
mandatory, as is understanding 
detector response to these 
airshowers. 

 Use full detector simulation to 
model the response to 
simulated airshowers:
 Atmosphere (hourly)
 Ray tracing fluorescence light 

to mirrors and camera 
 Simulated PMT response
 Simulated trigger
 Full analysis chain
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Mean Xmax Measurement



 Lines are mean Xmax for 
protons & iron from 
CORSIKA before 
detector simulation

 Black dots are the mean
Xmax for the same 
simulation after 
detector effects

 The full distribution is 
shown as a color map

 Note the bias
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Simulation for QGSJet-II protons



 Yes, with protons

 Height of max
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Does the simulation work?
Protons

Iron



 Yes, with protons

 Height of max

 First view depth
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Does the simulation work?
Protons

Iron



 Yes, with protons

 Height of max

 First view depth

 Zenith angle
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Does the simulation work?
Protons

Iron
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Mean Xmax Measurement

QGSJet-II Protons HiRes Stereo Data



2 December 2010 Cosmic Rays - LHC, ECT* Trento 24

Mean Xmax Measurement, Bin-by-bin

Protons

Iron

Protons

Iron

Histogram: QGSJet-II
Points: HiRes Stereo Data
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Mean Xmax Measurement, Bin-by-bin

Protons

Iron

Protons

Iron

Histogram: QGSJet-II
Points: HiRes Stereo Data
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Mean Xmax Measurement, Bin-by-bin

Protons

Iron

Protons

Iron

Histogram: QGSJet-II
Points: HiRes Stereo Data
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Mean Xmax Measurement, Bin-by-bin

Protons

Iron

Protons

Iron

Histogram: QGSJet-II
Points: HiRes Stereo Data



 Each data distribution 
replaced by one number, the 
mean

 Comparison with 3 high-
energy hadronic interaction 
models. 
 Expectation after detector 

effects is shown
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Mean Xmax Measurement



 Each data distribution 
replaced by one number, the 
mean

 Comparison with 3 high-
energy hadronic interaction 
models. 
 Expectation after detector 

effects is shown

 HiRes rules out models in 
which “ankle” is location of 
galactic-to-extragalactic 
transition. (Berezinsky, 2007 
ICRC)
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Mean Xmax Measurement



 Acceptance bias is energy 
independent. Allows linear 
fit to determine E.R. 

 Linear fit consistent with 
constant elongation rate, 
i.e. constant composition.
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Elongation Rate



 Tails of Xmax Distribution may 
not be Gaussian (especially for 
protons)
 Need to treat width carefully

 Define width as σ of a fit 
Gaussian, where the fit is 
truncated at 2×RMS
 Focus attention on core of 

distribution
 Avoid RMS undersampling

bias

 Data consistent with QGSJET-
II protons

 R. Abbasi et al., Phys. Rev. Lett. 
104 (2010).
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Width of Xmax Distribution



 Each shower has a width

 Shower well modelled by 
Gaussians in age

 Distribution of widths 
also favors protons 
(QGSJet-II)
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Width of Individual Showers
Protons

Iron



 Each shower has a width

 Shower well modelled by 
Gaussians in age

 Distribution of widths 
also favors protons 
(QGSJet-II)
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Width of Individual Showers



 Southern Hemisphere 
observatory reaches 
startlingly different 
conclusions

 Mean Xmax indicates 
composition getting 
heavy.

 Width indicates all iron 
by 3×1019!
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Composition Comparison with Auger



 Mean Xmax as observed by 
HiRes, Auger essentially 
identical

 Difference a matter of 
interpretation:

 HiRes: When acceptance 
taken into account, this is 
what protons look like.

 Auger: Composition is 
getting heavy.  
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Composition Comparison with Auger



Spectrum & Composition Synthesis
 Spectrum consistent with protonic composition

 Cutoff location, slope consistent with GZK cutoff (protons & 
CMBR)

 “Ankle” has correct shape for CMBR e+e- production

 Elongation rate suggests constant light composition > 1.6 EeV
 Ankle ruled out as site of galactic-to-extragalactic transition

 Data well modeled by pure protons  within QGSJET01, 
QGSJET-II high-energy hadronic interaction models.

 HiRes spectral and composition results can be explained with a 
simple model: 

Cosmic rays above 1 EeV are protons of extragalactic 
origin. The high-energy spectrum is shaped by 
interactions of these protons with the CMBR.
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Searches for Anisotropies
 HiRes data indicates:

 UHECR’s are protons

 Many come from far away

 Otherwise no GZK

 Beyond 50 Mpc

 Trajectories rigid enough to point back to origin

 Look for correlations with various objects (say AGN as 
Auger has done)

 Or look for correlation with mass structure out to 250 Mpc
using flux limited samples (2MASS)
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 Auger had found evidence of 
correlations with AGN
 Best at (57 EeV, 3.1°, .018)

 Tested with later data: 8/13, 
0.002 (2.9σ)

 With more data: 12/42, 8.8 
e3xpected (only 1σ)

 HiRes tested
 Using Auger point: 2/12, P = 

0.23

 Best point in HiRes data:
 (15.8 EeV, 2.5°, 0.016), 46/198 

P = 0.29 
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AGN Correlations



 Start with 2MASS to 
create LSS model

 Smear by variable angle

 Limit distance by energy

 Convolve with HiRes 
exposure

 Perform K-S test based on 
density of LSS model
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UHECR Correlation with LSS

57 EeV

40 EeV

10 EeV

Smearing angle of 6°



UHECR Correlation with LSS
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10 EeV 40 EeV

57 EeV



 Plot K-S probability for 
both isotropic and LSS 
models

 Choose 95% CL a priori

 Good agreement with 
isotropy

 Poor agreement at small 
scattering angles for LSS

 No correlation at 95% CL 
for E > 40 EeV and θs < 10°
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UHECR Correlation with LSS



Conclusions
 HiRes has observed the GZK cutoff in both monocular 

and stereo modes

 HiRes finds the composition of UHECR’s above 1 EeV to 
be predominantly light, as one might expect from the 
presence of the GZK cutoff

 HiRes observes no correlation with the local, large-scale 
structure of the universe

 The lack of correlations is surprising since magnetic field 
smearings are only expected to be at the 5° level

 The Telescope Array is currently operating in the North, and 
will provide much more anisotropy data
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