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Energy estimation of AGASA events
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Abstract. We have observed cosmic rays abavé® eV by  Grand Unified Theory (GUT) scale and to be hardp—!-

the Akeno Giant Air Shower Array (AGASA). Their energy and gamma-rays may be dominant (Bhattacharjee and Sigl ,
determination is important to discuss their origin. In this pa- 2000). In any case, in the energy spectrum there will be a
per, energy estimation method of the AGASA events at vari-cut off (GZK cut off) aroundd x 10'°eV if sources are ex-
ous zenith angles is described up t6 @dd the experimental tragalactic origin and distributed uniformly in the universe.
results are reproduced by the simulation taking into considerif the special relativity is violated (Coleman and Glashow,
ation the response of the detector. A new conversion relatior1999), the energy of the GZK cut off will be higher or dis-
to estimate the primary energy is obtained. appear. Therefore energy estimation of the ultra-high energy
cosmic rays is very important to reveal their origin.

1 Introduction 2 Experiment

. 20 .
Cosmic rays above0<"eV were observed by the Akeno Gi- AGASA is located aB5°47'N, 138°30'E. The height of the

ant Air Shower Array (Takedat al, 1998). The source central observatory is 900m (atmospheric depth 920¢)ycm

;:_agc_hdates of th;:sle ulr:ra;)hlgh energy c(;)slmlc drar)]/ S are glassi-ll scintillation detectors are deployed over an area of 180km
led Into two models, the bottom-up mode and the top- OWNyith a separation of about 1km. A scintillator of 5cm thick-

model. In the bottom-up model, charged particles are 4Chess and of 2.2farea is installed in a steel box. The pulse

celerated in astrophysical objects and propagate to the eartItfeight of each signal and its counting rate of each scintil-

limit at astrophvsical obiects i dered to b e Tation detector are continuously monitored independent of
tlmlma?laf/ rﬁp ysica Odle\ﬁ st IS conzloct)a(;e IO tﬁ arto q shower triggers and the monitor data is used for calibration
0 eV(Nagano an atson , ). In the top-down of absolute number of particles.

model, ultra-high energy cosmic rays are produced as dg The method of estimating energy in the AGASA experi-
cay products of heavy particles generated in the early uni- o )

) . . ment is briefly outlined as follows.
verse. Their energy spectrum is considered to extend up to

Correspondence td\. Sakaki (n-sakaki@riken.go.jp) 1. The density observed at each detector is fitted by an em-
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pirical formula. The conversion factor frori, (600) to the primary energy

at the Akeno level was derived by the simulation (Btal.,

ro\ 12 AN AR 1988) based on the COSMOS program by Kasalearal.
p(r) = C <R—M> (1 + E) (1979) and the following relation has been used for AGASA

06 experiment so far.
2
r

x {1 + (m) } ; (1) Eylev] =2.03 x 107 - Sy(600)"° ®3)

n = 3.97—1.79(sec — 1), (2) In the simulation, the density was calculated by adding the

densities from electron sub showers, which were approxi-
wherer is the distance from the shower ax&,is the mated by the NKG function. Therefore the observed den-

normalization factorR,, is the Moliere Unit at Akeno  Sity was converted to electron density to compare with the

(91.6m) and) is zenith angle. The local density at 600m Simulated one as described in Nagat@l. (2000). In this
from the shower axis of the shower with S, (600), is paper, considering the structure of the AGASA detector, the

obtained. density observed with the scintillator is evaluated, by Monte
Carlo simulation, which can be directly compared with the
2. For inclined showers, the densities attenuate becausexperimental data.
they pass through more atmosphere than for vertical show-
ers. Sy(600) is converted tab,(600) using the attenua-
tion length determined by experiment. 3 Monte Carlo simulation

3. The primary energy is estimated using the relation be-3.1 Detector

tweenS, (600) and energy determined by a Monte Carlo
simulation. The response of the AGASA detector is evaluated using

GEANT3.21. Each scintillator of 2.2frarea and 5¢cm thick-
ness is installed in the box made of 2mm thick steel, which
N is settled in a hut made of 0.4mm thick steel. The conversion
Slant Depth [g/cm’] of photons in the wall of the hut and of the scintillator box,
1200 1400 1600 1800 . . .
B LA e the scattering of particles, the decay of unstable particles etc.
and 4-momentum of shower particles are taken into account.
The energy deposit in the scintillator is taken as the signal
from the detector.
; Fig.2 is the response of the AGASA detector to photons,
. electrons and muons with various energies and incident an-
T % % q 10 gles. In the energy spectrum of shower particles, the mean
{ T % % 1 energies of photons and electrons ard 0MeV and that of
] muons is~ 1GeV around 1km from the shower core. There-
I fore photons typically contribute as 0.1 particles, and elec-
I 1 trons and muons typically contribute as one particle. These
d three particles are major particles in air showers, though the
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I response to other particles such as pions and kaons are also

| Aires QGSIET Proton E=10'%V at Ak I ] taken into account.
2

L In the AGASA experiment, “one particle” is defined con-
1 12 14 16 18 ventionally as a peak value of the pulse width distribution
sech (PWD). In the simulation, “one particle” is defined as the
peak value oflog,,(Energy deposit in the scintillator) for
omni-directional muons taking the energy spectrum into con-
sideration like the experiment.

Fig. 1. Attenuation of total number of charged particl&sf) and
S(600) as a function ofec 6.

3.2 Air Shower

We have used)(600) as an energy estimator. Fig.1 shows
the comparison of attenuation in the atmosphere betweeAIRES 2.2.1 (Sciutto, 1999) was used to generate air show-
Sp(600) and the total number of charged particl®s;,. The  ers for proton and iron primaries at a thinning levell 6f°.
fluctuation ofSy(600) is smaller than that oV, and atten-  As the hadron interaction models in the high energy region,
uates more slowly. Therefore we uSg(600) as an energy QGSJET and SIBYLL are used. The results of four combi-
estimator, whose effectiveness was first proposed by Hitlas nation of different primary particles and different interaction
al. (1971). The fluctuation of density at 600m is also shownmodels are compared. Each shower particle generated by
to be small by Daét al. (1988). AIRES is converted to scintillator response using the results
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s 2 z 5 - Fig. 3. Attenuation ofS(600) using the equi-intensity method. The

— . — . — i I i

Kinetic Energy closed circles are experimental data. The dashed lines (a) represent

the equation which has been used for the AGASA experiment so
far, and the solid lines (b) represent the newly obtained function

Fig. 2. The simulated distribution of energy deposit in the scintil- (Equation(4)), which agree well with experimental data up t6.60

lator of AGASA detector. The energy deposit is converted to the
number of particles using the definition in the text. Top left panel
for gamma-ray, top right for electron and bottom left for muon with AGASA, A}

Je = 605g/cn¥, A, = 5l4glen? and A =
various incident angles. 654g/cn?

The equation(4) agrees well with the experimental data up

20
described in the previous section taking into account the in {0 107°eV, although the error becomes large aroufitfeV.

cident angle and the energy of each particle.

" " " T
Proton QGSJET
Fe QGSJET
= = = Proton SIBYLL
~ =~ FeSIBYLL

4 Results

The attenuation o5(600) with atmospheric depth is deter-
mined using the equi-intensity cut method. In this method,

/m?])

20

assuming the intensity of the cosmic rays is independent of& 1019:V
the zenith angle, the equi-intensity cut is made on the integral@ 1 107"eV
spectra ofSy(600) at various zenith angles. The results are % 10" eV
plotted in Fig.3. These plots correspond to the attenuation ©
of Sy(600) at a certain energy. The dashed lines (b) in the 10%%v
figure is the empirical function we have used for AGASA so s

107 eV

far, and it is valid up tesecd ~ 1.5. This empirical func-
tion is extended in order to use the events up td &0d a
new function is shown by solid lines (a) in the figure. This - 1 15 2
relation is expressed by the following equation.

secB

X/ Fig. 4. The attenuation of, (600) by experiment compared to that
Sp(600) = Sp(600) exp [— {A—/O(S@C 0 — 1)} by AIRES simulation. The black lines and the gray ones are proton
12 and iron primary cosmic rays, respectively, and the solid and dashed
X} 0_1 lines are the results using QGSJET model and SIBYLL model, re-
N A_/Z(SQC -1 spectively.
3
+ {ﬁ(secg — 1)} ] 7 @ Sg_(600) determined using experimental data and that us-
Ag ing simulated data are compared in Fig.4. The results calcu-

lated by AIRES simulation agree well with the experimen-
where X/, =957g/cnt is the average atmospheric depth at tal data. The difference between the primary particles, pro-
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ton and iron, and between the hadronic interaction modelsSIBYLL is expressed by the following equation.
QGSJET and SIBYLL is less than 10 % updecd = 1.5 . oo )
and 20 % arouneec 6 = 2. EfeV] =223 x10"" - 55(600) " [/m”] (6)

5 Energy conversion relation 6 Summary

S(600) is a more reliable energy estimator than the total
number of charged particles at observation levels deeper than
the depth at the shower maximum. Considering the scintilla-

_ tor response including the detailed structure of the AGASA
AiresProton SBVLL detector the attenuation f(600) can be reproduced well
s Ee oS N . by air shower simulations up to 80 As a consequence
\;x; the sky near the Galactic center can be reliably covered by
AGASA. It will be useful for the analysis of anisotropy re-
& lated to our Galaxy. The&(600)-primary energy relation

/ so far used for AGASA gives the more conservative energy
% than any of the simulation results performed this time. Using
o the new conversion relation to the primary energy, estimated
) energies of AGASA events is increased by 20%f eV.

S(600)[/m?]
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Table 1. The conversion relation of,(600) to primary energy at

average AGASA height calculated by AIRES.

| model [ spices| a [ b |
‘QGSJET p 2171 1.03

Fe 215] 1.01
SIBYLL p 2.34 | 1.04
Fe 2241 1.02

The average conversion relation for primary proton and
iron using the hadron interaction models, QGSJET and



