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Abstract: The proton-air inelastic cross section measuremefsatz 2 TeV from the EAS-TOP Exten-
sive Air Shower experiment is reported. The technique eétgbmsmic ray proton primaries in the energy
region By = (1.5 + 2.5) - 10*® eV, studying the absorption length of their cascades wheecti at
maximum development. Primary energies are selected thringgEAS muon number (N, and proton
originated cascades at maximum development by means ohtwees size (N). The shower longitu-
dinal development and detection fluctuations are detemizyemeans of simulations performed using
the CORSIKA code and the QGSJET interaction model. The sitiauls provide the conversion factor
(k=1.15+0.05) from the observed attenuation lenghj;f'=76.0+3.8 g/cnt) to the interaction length
(Ap—air=A{7P=66.14+4.4 g/cnt). The obtained value of thgair inelastic cross section gfs ~ 2 TeV is
o,’;’féir:365124(stat)-28(sys) mb. The statistical and systematic uncertainties, asagaihe connections

with the pp total cross section measurements are discussed.

Introduction electron number, N. The absorption in the at
mosphere of such showers is related to the ci
We present the final results on the proton-air in- section of the primary. The observed absorpt
elastic cross section measured at primary energylength @\.;), obtained through their angular distr
Ey = (1.5 +25) - 10" eV (i.e. /s = 2 TeV) bution at observation level, is also affected by 1
obtained from the analysis of the EAS-TOP ex- fluctuations in the longitudinal development of tl
periment complete data set. The considered en-cascades and in the detector response. Such flt
ergy range is below the knee of the primary spec- ations can be studied through simulations, prov
trum (Ey ~ 3 - 10'® eV), above which the pro- ing the conversion factdk between the observe
ton flux is strongly depressed [1, 2, 3], and al- absorption length and the interaction length of ¢
lows a direct comparison with the Tevatramtotal mary protonsK=>ps/Aint)-
cross section data [4, 5, 6]. Exploiting the constant Systematic uncertainties due to the contaminai
N.-N,cuts method [7, 8], the primary energy is from heavier primaries are discussed assumin
first selected from the muon number (N Pro- a reference the recent KASCADE spectra [3].
ton induced showers at maximum development are
selected from the shower size (dominated by the
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The experiment and the simulation 2.7 (from which KASCADE spectfenave been af-
terwards sampled), and uniform angular distrit
The EAS-TOP array was located at Campo Imper- tion. Every shower has been sampled over an ¢
atore, National Gran Sasso Laboratories, 2005 m of 4.410> m? till the event fulfills the’r —¢” and
a.s.l., 820 gcn? atmospheric depth. trigger requirements. The number of triats(0))

The e.m. detector [9] consisted of 35 modules is recorded and used to obtain the angular acc
10 m? each of plastic scintillators distributed over tance.

an area ofl0° m2. Core location &, Y.), shower

s_ize (N.), and slppe of th_e_lateral distribution func- The method and the analysis

tion (s) are obtained by fitting the recorded number
of particles in each module with the Nishimura-
Kamata-Greisen (NKG) expression . The resolu-
tions of such measurements fog N 2 - 10° are:
oN,/Ne = 0.1;0x, =0y, 2 5m; o, ~ 0.1. The
arrival direction of the shower is measured from
the times of flight among the modules with resolu-
tion oy ~ 0.9°.

The muon-hadron detector (MHD), is used as a
tracking module of 9 active planes. Each plane in-  f(0) = G(6) f(0) exp[—zo(secd — 1)/Aobs] (1)
cludes two layers of streamer tubd2: length,

3 x 3cm? section) and is shielded Ay cm of iron. wherex is the vertical atmospheric depth of tt
The total height of the detector 280 cm and the detector, and+(f) the angular acceptance.

surfaceisl2 x 12 m2. Amuon track is defined by The observed absorption length,,s, obtained
the alignment of at least 6 fired wires in different om (1), is a combination of the interactio

streamer tube layers defining an energy threshold ,aan free pathX.:), and of the shower devel
h ~ H . nt/» -

of E" ~ 1 GeV. The muon counting accuracy is  gpment and detector response fluctuations. F

AN, < 1for N, < 15reachingAN, < 2for  yation effects are evaluated through simulatio

The frequency of showers of given primary e
ergy (1 < Ey < Eop,2) selected through thei
muon number N (N,,; <N, <N, 2) and shower
size N. corresponding to maximum developme
(Ne,i < Ne < Ng2) is expected and observe
to decrease exponentially with atmospheric de
through its zenith angle dependence:

N, < 30. by comparing the observed,™) and interaction
Events with core distance from the muon detector (\$7*, which is known from the interaction mode
50 m< r < 100 m, and up to zenith anglé = lengths, and are expressed through the faktor
33.8" are used't —6” selection). Asim /asim - Such factor is used to convert the o

Simulations have been performed with the COR- Served experimental absorption lengtfy” into
SIKA code [10] using QGSJET [11] as high energy the interaction onef’7.

hadronic interaction model and the NKG analytic The physical quantities required for the analy
treatment of the e.m. component. are obtained through simulations as describec
For the e.m. detector, parameterized expressionsthe following.

of the fluctuations and experimental uncertainties gyents in the desired proton primary energy rar
have been included, as well as trigger require- (g _ (1.5 + 2.5) - 10 eV) are selected by
ments. The muon contribution to.Nn the e.m.  aans of a matrix of minimum (N\y) and maxi-
array is added on average, including fluctuations. ,,ym (N,..2) detected muon numbers for each P
The full response of the muon detector (MHD) gjpje combination of zenith angle and core distar

is included by means of simulations based on the rom the muon detector. The selection table is «
GEANT code taking into account the measured ex- tained from simulated data for 5 m bins in core d
perimental efficiencies of the streamer tubes. _—

Simulated events have been treated following the 0 (138 EEeT *;':gcs'?ngngpr%‘;t&';‘t ?rgemtgirogvﬁ ]Ei)t"j‘ssedT
same procedure as the experimental dat"’?' power law indeyxes of proton and helium spectra are
More than 16 proton showers have been simulated spectivelyy, 1 (Eo < 2-10'° eV) = 2.6, ,.2(2 - 10'°

with energy threshold 10 eV, spectral indexy = eV< Eg < 4.5-10'% eV) = 3.3, vp,3(Eo > 4.5- 10"
eV) = 5.0, andvyg. = 2.65.
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tance (50 m< r < 100 m) and 0.025ec# bins Results and discussion

(1.0 < secf < 1.2) for zenith angle. N ; and

N, 2 correspond respectively to the average muon The same procedure discussed for the simula
numbers for 1.50'° eV and 2.510'° eV. is applied to the experimental data. The cor
The selection of proton initiated cascades near sponding event numbers as a function of 8gc
maximum development is based on the simulated are shown in fig. 1, together with their fit prc
distribution of the shower size at maximum de- viding \;;?=76.0+3.8 g/cnt. FromAfﬁf—)\z‘;’fﬁ’/k,
velopment N'** in the desired energy interval Wwe obtaln)\fj:f = Ap—air = 66.1 +4.4 g/cm?
Choosing the shower size intervabgNmaes + where the uncertainties are due to the statis
OLognmas (i.€. 6.0k Log N. < 6.16) provides  of the measurement and of the simulation (of 1
the selection of the peak of the distribution and same order). The-air inelastic cross section i
of about65% of the events. The average energy obtained from:c*°!; (mb) = 2.41 - 10*/A,_air,
of the selected primaries, obtained following the and results:

KASCADE spectra, isfly = 2.67- 10" eV with  inct —3651 24(stay

r.m.s.0.83 - 10° eV. Tp-air :
Such value is plotted together with other expe

mental data and the values derived from the ¢
rent hadronic interaction models in fig. 2, resu
; o QGSJET ing respectively about 10% and 15% smaller tr
1 4 Experimental data QGSJET and SIBYLL [12] cross sections and
103 better agreement the QGSJET modified versior
: \ ref.[13].
! Predlcteda;)nelmlr values, that were obtained frol

0% differents 2t Tevatron measurementsgk = 1.8

N.se\

pp
TeV by using different calculations based on t

Glauber theory [14], are reported in fig. 3. TI
e L o e present measurement is in better agreement \
sec) the smaller values of thgp total cross section (an
Figure 1: Acceptance corrected event numbers vs.the pp to p-air cross section conversions of ref
sed for the simulated and experimental data se- [15, 16, 17].
lected with the N-N. cuts. The fits with expres-
sion (1) providing the\,;s values are also shown
(continuous lines).
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The acceptance corrected numbers of selected “*
events vs. zenith angle are shown in fig. 1. The 3o F
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The contamination due to heavier primaries has Epn(eV)

been evaluated by simulating the helium contribu- Figure 2:p-air inelastic cross section data, inclu
tion, assuming the KASCADE spectrum and com- ing the present measurement, and values in
position, which accounts for a flux about twice the from hadronic interaction models.

proton one in the energy range of interést _

2. Heavier primaries, as e.g. CNO, hardly pass
N.-N cuts and result in an additional effect smaller th
1%
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Figure 3: Present measurement of fhair inelas-
tic cross section 1 s.d., solid lines) vs. thgp
data reported a/s = 1.8 TeV. Results of different
calculations [15, 18, 16, 17, 19] are also shown.

Taking into account helium primaries, the overall
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simulated observed absorption length increases of[14] R. J. Glauber and G. Matthiae, Nucl. Phy

about 8%. Due to the uncertainty of the relative
proton/helium flux we will not introduce such cor-
rection, but rather consider it as a systematic uncer-
tainty, possibly increasing the interaction length,

and therefore leading to an overestimated cross

section value therefore:
oinel. =365+24(stad-28(sygmb

p—air
Independently from the cross-section analysis, the
measured value of the absorption lengifj;{ =
76.0 & 3.8 g/cm?) can be directly compared with
the analogous one obtained, for the same ex-
perimental conditions, from simulations based on
QGSJET 4™ = 70.4 + 3.0 g/cm?). Inside the
still large uncertainties, the measured value results
nearly 10% larger than the simulated one (and it
would be even larger including the helium contri-
bution), showing a deeper penetration of showers
in the atmosphere than predicted by the interaction
model, as reflected in the corresponding smaller
value of thep-air inelastic cross section (see also

ref. [13]).
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