PROCEEDINGS OF THE 31 ICRC, £tODZ 2009 1

A Method for Primary Proton Spectrum Measurement
at & > 10 PeV with SPHERE-2 Telescope

R.A.Antonov*, A.M. Anokhina, E.A. Bonvech:, D.V. Chernov*, T.A. DzhatdoeV,
V.. Galkin T, A.A. Kirillov * and T.M. Roganova

*Skobeltyn Institute Of Nuclear Physics, Lomonosov Moscow State University,
Leninskiye gory, Moscow, 119991, Russian Federation
fFaculty of Physics, Lomonosov Moscow State University,
Leninskiye gory, Moscow, 119991, Russian Federation

Abstract A new method for selecting a certain part procedure and the resulting proton selection criteria are
of the proton-induced events from the bulk of the described in section V. Finally, the conclusions drawn
primary nuclei events is presented. The method uses from our analysis are described in section VI.
the shape of EAS Cherenkov light lateral distribution
(CLLD) and is based on a few hundreds of artifi- Il. SHOWER SIMULATIONS
cial events by 10-30 PeV protons and helium nu-
clei simulated with CORSIKA/QGSJET-I/QGSJET- Simulations were carried out with CORSIKA 6.50
Il code. Distribution of the proton CLLD steepness [6] with QGSJET-I/GHEISHA [3], [7] and QGSJET-II
parameter has a long tail which is absent in helium [B/GHEISHA code (for the rest of paper this versions
distribution. The tail contains about 10% of the O©f the code are denoted as QGSJET-I and QGSJET-II,
proton sample which could be distinguished from respectively). The level of observation chosen is Lake
other nuclei events. The method was adapted to the Baikal altitude ¢Ho= 455 m a. s. |.). We performed
geometry and conditions of SPHERE-2 telescope and full direct Monte-Carlo simulations, since this technique

proved to be capable of proton event selection. well reproduces EAS development fluctuations. Result
Keywords primary composition, extensive atmo- Of simulation for each shower is a 3D histogram of
spheric shower, Cherenkov light Cherenkov light density function, distributed over 480
x 480 spatial cells and 100 temporal cells. The width of

. INTRODUCTION spatial cell is 2.5 m x 2.5 m and the width of temporal

Measurement of superhigh energy primary cosmiell is 5 ns. The distribution of arrival directions of
rays (CR) nuclear compositiontf >= 10'%ev= 1 Sshowers is isotropic.
PeV) is a challenging task of modern astrophysics, sin€dowers from primary protons and and helium nuclei
the direct balloon and satellite experiments statictics Y§th zenith angles< 20° were used for the proton
still severely limited due to the very low CR flux inSelection criteria construction. These criteria are based
this energy region_ Thus7 one should re'y on extensiw time'integrated Cherenkov I|ght lateral distribution
air shower (EAS) observations. However, the resulf&LLD) p(r). Total statictics of artifical events is 772
found by several EAS groups are highly controversiaghowers, from which 134 showers are due to protons
For instance, the measured value of mean primary GRd helium nuclei of energy 10 PeV and QGSJET-I
|Ogarithmic mass< InA >, shows dramatic discrepancymOdEL 165 protons and 152 helium nuclei for the case of
about an order of magnitude (see, e.g., [1]). Unfoldin@ GSJET-Il model andZ,=10 PeV, and 93 protons and
of e+ KASKADE data [2] with QGSJET hadronic 94 helium nuclei fork,=30 PeV and QGSJET-Il model.
interaction model [3] leads to substantially heavieFhese showers with small zenith angles are practically
< InA > at Ey=10 PeV than the one measured b@xially symmetric, so the CLLD of each shower can be
BLANCA Cherenkov array [4]. An even heavier primary2nalysed on a set of rings with centers at the shower
composition is predicted by BASJE Collaboration [1]. 8XIS.
In this paper we adress the question of evaluating CR
proton spectrum at primary energieslO PeV with  Ill. CRITERIA FOR PRIMARY PROTON SELECTION
the balloon-borne detector SPHERE-2. This Cerenkov
EAS telescope detects Cherenkov light reflected from )
the snow surface, as suggested by [5]. In section Il V\t;é/aluatmn:
describe the shower simulation process. Proton selection o
criteria are presented in section Ill. Section IV contains [ 2mp(r)dr
some results of suggested criteria application to the
artifical events database. A model of Sphere-2 detector
response to a shower, event parameters reconstruction

Let us introduce parameter; for CLLD shape

7](7‘137‘277.377.47) = 7:,}477 (1)
J 2mp(r)dr

T3
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Fig. 1: Histograms ofjy distribution for case of models QGSJET-I (left) and QGSJET-II (right) for proton primaries
on top and helium primaries on bottom. Also displayed:grerotons selection threshold aadfraction of selected
events
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Fig. 2. The same as Fig. 1, but for optimized on number of selected events criteria. Left=is
1(0m, 80m, 80m, 320m), right is no= n(0m, 160m, 160m, 240m)

where §,r2,r3,r4 satisfy the following conditions Histograms of 79 random variable distributions
S 5 S - 5 9 constructed with our artifical events database are plotted
T4 273+ 07,13 2 12,72 2 71 + 0T, ) in Fig. 1 for QGSJIET-I (left panel) and QGSJIET-II

Variabler has a physical meaning of CLLD steepnesé!ight panel) models. Histograms gf distribution are
Two rings are characterized by four parametergr{y- ©n the top and at the bottom for helium and proton
interior and exterior radius of smaller ring;s(r,)- Primaries, respectively;. value and the fraction of
interior and exterior radius of bigger ring, respectivelyselected proton events are also shown on the histograms.
Here ér denotes the characteristic spatial resolution ?n€ can see that the part of selected proton events
the EAS array. a weak dependence on the nuclear interaction model
Probability density function of random variablg for (QGSJET-IQGSJET-). ' o
the case of proton primaries decreases witislower Also we performed an optimization to find a criterion
than in the case of helium primaries. Therefore, it if1at allows to select the maximal number of proton
possible to select a certain part of protons from @vents. For this purpose, a 4D grid of primary proton
mixed proton+helium shower sample. The fraction c¥election criteria was formed. Criteria in the array differ
so selected protons is ruled by the shower developmdf@m each othe.r t?y yalyes of parametets 2, 3,
model and can be evaluated. For proton selection we (they vary within limits 0 m - 600 m). Then we
define a valuer, such that all artifical events from Performed a direct exhaustive search on the grid to
helium havey < 7.. Then in the energy band 10 PeV optimize the criterion. If two criteria select the same
the criterion) > 7. should select primary proton eventdiumber of proton events, we prefer the one that has
with a contamination of helium events of the order ofhe smallesty, if r, is also equal, than the smallest r
~ 1/Ny. or 0.75% for the case of QGSJET-I modefnd so on. The reason for such a preference is that in

and 0.66 % for QGSJET-Il model, respectively. any real experiment signal-to-noise ratio decreases with
increasing distance from the shower core.
IV. RESULTS In Fig. 2 the same histograms as in Fig. 1 are plotted,
In paper [9] the criterion 7, but for the optimized criteria: left column, for the case

=n(0m, 130m, 250m, 350m) was constructed for Of QGSJET-I, with parameters (0 m, 80 m, 80 m, 320
samples of proton, nitrogen and iron primary nucleiM) and right column, for QGSJET-II with parameters
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Fig. 3: Criterion for the case of model QGSJET-Il and primary energy 10PeV (left) and 30PeV (right) with
parameters (0,67,67,134) in the both cases. The criterion takes into account for shower parameters reconstruction
uncertainties, starlight background and Cerenkov signal fluctuations Position of showers axis is equal between
centers of three central fields of view

(80 m, 160 m, 160 m, 240 myr= 80 m for all cases, the diaphragm and night sky starlight background was
and g <400 m. performed.
We also varieddr from 10 to 300 m to find a For simulating optical system response we used the so
dependence of classification performance on detectalled "ray-tracing”™- a well-known method based on
resolution. We found that in the practically importantracing many rays with dirrerent initial parameters (see,
area or= 40-280 m e decreases withyr from 0.12 e.g.[11]). First, with the help of Monte-Carlo method the
to 0.10 for QGSJET-I and from 0.15 to 0.10 forreflection of simulated EAS signal (section II) from the
QGSJET-Il. We also performed such operations f@anow surface was considered. The surface was assumed
Ey = 30 PeV and QGSJET-Il hadronic interactiorto be a Lambertian optical surface with reflection factor
model. In this case(rny)= 0.24, the optimized criterion 0.9. Then, a fraction of photons that reached the aperture
is n(0m, 80m, 160m,240m) and it ensuress= 0.24. Shmidt diaphragm of the telescope was traced through
Corresponding plots are similar to those of Fig. 1the optical system. Starlight and night sky background
Fig. 2 (right column), so they are not presented here.level was chosen to be 3*19 photon/(n*s*ster).
Background photons were traced through the optical
V. FLUCTUATIONS, BACKGROUND AND DETECTOR  system in the same manner as EAS Cherenkov photons.
UNCERTAINTIES At last step the photons that hit sensitive PMT photo-

Now we apply our techique to the working condition&athodes were recorded in an array. The latter represents

of Sphere-2 experiment [10]. Sphere-2 is a Cherenké'?/e so-called "detector-response event”. In this section
telescope flying 1-3 km above the ground level aniy® discuss the properties of response events from proton

detecting the light reflected from the snow surfac@nd helium primaries. The sample of EAS is the same

The optical scheme of the telescope is Schmidt camdta I section 1.
with spherical mirror with diameter 1500 mm, radius of © Méasure the spectra of PCR we performed a recon-
curvature 940 mm and aperture diaphragm with dianjiruction of shower parametet ( do, o, yo. Lo), here

eter 930 mm. Sensitive mosaic of 109 photomultiplierd @nd ¢o- zenith and azimuthal angles, respectively,
(PMTs) is installed on the way of reflected beam. Mosait? "d yo- axis coordinates on the snow surface with
has radius of curvature 526 mm. Radius of sensitif§SPect 10 the cen_ter of the_ telesgopes FQ& is
area of photocatode is 13 mm and the distance betwdBf €nergy of a primary particle. First of all, average
the centers of nearest PMTs is 44.5 mm. This device f@ckground was subtracted from each response event.
capable of observing: 1/3 of EAS lightspot area. At 1ne first two parametersj{, ¢o) were obtained in the
altitude 800 m (Febraury-March 2009 working altitude)V€!l-known plane-front shower approximation, while the
the distance between fields of view (FOV) of nearesEcond pair was defined with the help of a simple CLLD
PMTSs on the snow surface was 67 m and diameter of poOdel function. Also it is possible to evaluate the pri-
PMT EOV was 40 m: diameter of EOV of the telescopénary particle energyEo. On concrete details of shower
was about 400 m. PMTs form a hexagonal Structu'@rameters evaluation method see [12]. We were able
on surface of the mosaic and are enumerated from tfgPuild histograms of errors resulting from the above
central one on rings such that central PMT has a numgdiocedure. For instance, histogram fbdetermination

0, first ring contains PMTs with numbers 1-6, and sGror |s_plot_ted In F'Q- 4. Yet the shape of _the error
on. EOV of each PMT has the same number as PMT. g&strlbutlon is not strictly Gaussian, let us cite 67 %
simulation of Sphere-2 detector response with accou?f?”ﬁdence levels for primary parameters determination:

of Poissonian fluctuations of photon number reachirlg 15 for fo, about 15 m for axis location error=



4 ANTONOV et al. PCR PROTONS SELECTION AT E> 10 PEV WITH SPHERE-2

the signal fluctuations and the starlight contamination,
since optimal criterion for 10 PeV events lies in the cen-
tral (R < 150m) region of CLLD. Axis determination
error is of less effect on primary proton selection criteria
power.

VI. CONCLUSIONS

As a result of full Monte-Carlo simulations of EAS
0 samples with energies 10 PeV and 30 PeV with two dif-
-0,10 -0,05 0,00 0,05 0,10 0,15 ferent nuclei-nuclei interaction routines QGSJET-I and
30, rad QGSJET-Il several criteria for selection of certain frac-
tion of primary cosmic ray proton events with full su-
pression of heavier nuclei were built. We also evaluated
the fraction of selected proton events. It was shown that

a selection criteriom(ry, 72, r3,74) Mmay be constructed
1 0 . . ’ .
/o * Zo + Yo * Yo, and about 30 % fory. Error of p such a manner that the proton selection threshold

%o determination is about 5-10 c'jegrees. for showers W'Las a weak dependence on the interaction model (for
0y ~ 8 — 12 degrees. Error obg rises whiled, falls. As S o . . .
example,no criterion). All criteria considered in this

the last step of the event reconstruction, proton selection ; .
criteria were built in the following way. Numerator ofPaper are based on integrals over different CLLD areas.
A It was shown that the sensitivity to primary particle
(1) was replaced by the sum of signals in detectors . ) : .
which centers are at distand@ > r and R < 1 imass decreases only slightly while the area of integration

from the axis. Denominator on the equation was changgépands' Event images close to reality were constructed

. . . “with account of starlight background and EAS signal
in the same way, but with parameterg and r,. It is . ) N N

. . fluctuations. Reconstruction of such "real” events shows
reasonable to assign values to four parametgrs= 1-

4 to be multiples of the distance between the fields c\tl)ll?:t;\;enf\;\'g: v;rtuﬂ;(/j altlhs(,atattsgggl)ugcitzrt:tlirl}tlce;, \;vt?llecrlo
view (FOV) of nearest PMTs (67 m). y » applied, P P

o .
Though we used not optimal primary parameter eva?—elect about 10 % of primary proton events.
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