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Abstract

The cross section for large pt jet production for transverse momentum 10 � pt � 20 GeV=c and rapidity
interval 1:6 � � � 2:6 in p-N (”Air”) interactions is studied from the analysis of multicore Extensive Air
Showers recorded in the EAS-TOP calorimeter. The projectiles are the leading particles interacting at atmo-
spheric depths between 250 and 390 gcm�2, the CMS energy of interaction being

p
s � 500GeV . The mea-

sured jet production cross section in p�N interactions, with respect to p� p interactions, is: (d�=dpt)
jet
pN =

(d�=dpt)
jet
pp �A� with� = 1:56�0:07 forA = 14:7 (average mass number of ”air” nuclei). Such value is com-

patible within the experimental uncertainties with the one obtained in p� nucleus accelerator measurements
at
p
s ' 30 GeV in the same range of transverse momentum and rapidity interval.

1 Introduction:
Jet production is studied at colliders in p � �p interactions up to

p
s ' 630 GeV [1,2] and

p
s ' 1:8 TeV

[3] and in p� nucleus interactions in fixed target experiments up to
p
s ' 30 GeV [4,5].

In Extensive Air Shower (EAS) experiments multicore events (i.e. events with multiple structure in the e.m.
component near the axis) have been observed since ’60’s [6-10] and their interpretation as due to jet production
has lead to first information on production cross sections [10]. The consistency of the observations in different
cosmic rays experiments has been recently discussed in [11,12]. In the case of multicore EAS, the jet is essen-
tially produced by the leading particle interactions at intermediate altitudes in the atmosphere (z � 6� 12 km
above sea level) at typical energies

p
s � (300� 1000)GeV . Such experiments allow thus the extension of

p� nucleus accelerator data and the direct comparison with p� �p collider measurements.
From the point of view of cosmic rays physics, the effect can be relevant for experiments exploiting the high
energy component in the core region to derive conclusions on the cosmic ray primary composition.

2 The experiment:
The measurement is performed by means of the EAS-TOP array located at Campo Imperatore, central Italy,

2005 m a:s:l: (National Gran Sasso Laboratories). EAS core investigations are performed by means of its
calorimeter [13]. Shower sizes and arrival directions are obtained from the electromagnetic detector [14].
The EAS-TOP calorimeter is a parallelepiped of dimensions (12�12�3)m3 and consists of 9 identical planes.
Each active plane is made of two streamer tube layers for muon tracking and one layer of quasi proportional
tubes (3 � 3 cm2 section, 12m length) for hadron calorimetry, separated by 13 cm thick iron absorbers, for
a total depth of 818 g cm�2, i.e.' 6:2 nuclear mean free paths. The read-out of the quasi proportional tubes
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Figure 1: A multicore EAS: the reconstructed l.d.f of
the main shower and the central region are shown.
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Figure 2: Scatter plot of cluster patterns (P9,S8) of the
detected secondary structures in 130 multicore EAS.

is performed by induction through a matrix of 840 pads (40 � 38 cm2) placed on top of each level for a total
area of 128m2. The active layers of the upper plane (9th) are unshielded and operate as a fine grain detector
of the electromagnetic component of EAS cores. A model of the response of the quasi proportional chambers
has been developed and checked through on site measurements and a test at CERN facilities with a 50GeV e+

beam. Eight (80�80 cm2) scintillator counters, identical to the ones of the EAS-TOP e.m. detector are located
above the 9th plane: 4 internal (Pi) are placed at about 3m from the calorimeter center and 4 external (Mi)
outside the module structure at its corners. They are used to select contained EAS cores.

3 The data:
In the present analysis only Extensive Air Showers which triggered both the electromagnetic and hadronic

detectors have been considered: 5322 events in the size range 105:26 � Ne � 105:60, i.e. primary energy 1

between 500 and 1000 TeV for primary protons. EAS with core hitting the calorimeter are first selected with

scintillators (Mi; Pi) using the condition: R =
P4

i=1
MiP4

i=1
Pi
� 1. The shower size and core location are recon-

structed through a fit to the NKG theoretical particle distribution2 of the recorded particle densities in the upper
level (with pad recorded particle numbers Ni;j), the Mi and Pi scintillators and the e.m. counters of the array.
Events with core located inside a fiducial area of 8� 8m2 centered on the calorimeter and with zenith angle
� � 350 are selected for further analysis. For shower size Ne � 105 the reconstruction efficiency is � � 95%,
the resolution �Ne

Ne
� 15% and the accuracy on arrival direction �� � 0:50; in 70% of events the fitted core po-

sition is found at a distance d � 70 cm from the pad with maximum recorded particle density. First each event
is fully reconstructed, as previously described, to get shower size, core location, arrival direction and lateral dis-
tribution function. The core location (see figure 1), shower size (Ne) and slope (s) of l.d.f. provide the expected
average number of particles N i;j and therefore the corresponding fluctuation (�i;j(N i;j)) on each (i; j) pad of

the unshielded layer. Then by applying a cluster algorithm to the matrix of the quantities Si;j =
N
0

i;j

�i;j(Ni;j)
with

(N
0

i;j = Ni;j � N i;j) (1) subcore structures in the e.m. component are extracted by selecting the maximum

1The size to energy conversion expression used is: E0(TeV ) = � �Ne
� with � = 0:0093 and � = 0:903, obtained by means of

a simulation (CORSIKA-HDPM [15]) for primary protons [16].
2�(r) = Ne

(r0)2
(1 + r

r0
)s�4:5( r

r0
)s�2, with shower size Ne, slope s and r0 � 100m [17].
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Figure 3: Scatter plot of cluster patterns (P9,S8),
showing the difference between showers initiated at
the top and at lower atmospheric levels.
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Figure 4: Measured pt rate in multicore EAS com-
pared with the expected one from p� �p collider cross
section data.

value of
P
Si;j = Smax. The contribution of false clusters, due to pad response fluctuations in single core

events and recognized by the algorithm, has been evaluated by means of a simulation: values of Smax > 20
identify physical events. For the energy and production height determination of each subcore, the quantities:
P9 =

P20
(i;j)N

0

i;j at the uppermost level (i.e. the electromagnetic content) and S8 =
P8

k=1

P20
(i;j)N

0

i;j;k (N
0

i;j

defined for each layer k as in expression (1)) integrated over the 8 internal layers (i.e. the hadronic and high
energy e.m. contents), are used. The sum involves the 20 most significant pads inside the structure within 1m
from the subcore position on the uppermost plane and, for internal ones, from its rojected position following
the EAS direction. For internal layersN i;j is obtained from the pads at the same distance r from the main core,
not belonging to the subcore structure. The resulting scatter plot P9-S8 for physical events is shown in figure
2. The same plot is shown in figure 3 for simulated primary proton showers of different energies initiated at the
top and at different atmospheric depths ranging from 6000 to 12000m a:s:l:. From the comparison of figures
2 and 3 it results that the pattern of the selected subcore structures falls in the region characterized by interme-
diate starting levels in the atmosphere. Top events are excluded since they are expected to have a much higher
hadronic content for the same electromagnetic size (while the main shower core in the P9-S8 parameters space
of the selected EAS agrees with the expectations for showers initiated at the top). This proves that the subcores
are produced by interactions in the cascade development in the atmosphere occurring at altitudes �h � 7000m
above the detector. Subcore energies and production heights are obtained through a fit to the quantities P9 and
S8 (for details see [21]). Typical values are: 10 � Es � 50 TeV and 4 � h � 10 Km above the detectors
while distances from axis are 1:5 � r � 7m. By means of ad hoc simulations the following quantities have
been computed and included in the analysis: a) the energy collection efficiency �E ' 86%, due to the jet frag-
mentation, to be applied to the subcore energy Es; b) the efficiency for subcore detection �D(Ne; Es; r); c) the
geometrical rapidity acceptance �R(�). The transverse momentum for each subcore has been obtained using
the expression: pmeas

t = Es�r
�E �h

. The uncertainty in the pmeas
t measurements is: �pmeas

t =pmeas
t � 50%. At the

quoted intermediate interaction levels the projectiles contributing to the events can be associated to the leading
particles inside the showers. Their energy spectrum has been derived from the primary one by scaling the cor-
responding energy to the mean production depth of our events with an attenuation length� � 100 gcm�2. At
the mean production height z � 9000m a:s:l:, i.e. atmospheric depth X � 270 gcm�2, the leading particle
energy, averaged over the primary spectrum in the range 500� 1000 TeV here analysed, is El:p � 125 TeV



corresponding to
p
s � 500GeV for p�p interactions. The accepted region of pseudo-rapidity in which �R(�)

exceeds 40% is 7:8 � � � 8:8: it corresponds to 1:6 � �c:m: � 2:6 in the c.m. of the interaction.

4 The results:
The rate of large pt events per interaction is obtained by applying to each event the detection efficiency

�d(Ne; Es; r) and the geometrical acceptance �R(�). The reported uncertainty in the measurement of transverse
momentum, together with the steepness of the slope of thept distribution(f(pt) / p�
t ) introduces a systematic
overestimate of the transverse momentum, so that pmeas

t = (1:35� 0:05) � pt (for 
 = 6:04� 0:56 obtained
from the fit to the experimental data). The individual pmeas

t values have therefore been shifted of this factor.
The obtained pt distribution is shown in figure 4. In the same figure, the pt rate distribution, calculated from
the colliderp� �p cross section data d�=dpt 3 at

p
s � 500GeV in the same rapidity interval assuming as target

nuclei single protons, is shown. Statistical and systematic errors are shown. The slopes of the two distributions,
f(pt) / p�
t , with 
 = 6:16 � 0:09 for the calculated one for p � �p interactions, and 
 = 6:04 � 0:56 for
the experimental one for p�N interactions, are in agreement inside the experimental errors, showing that the
pt dependencies of p � �p and p � N cross sections are compatible. The gap in the absolute rates reflects the
difference between p�p and p�N cross sections. The ratioR = (d�=dpt)

jet
pN=(d�=dpt)

jet
pp is constant versus

the transverse momentum and is on average: �R = 60:4� 12:9. By representing such gap following the usual
expression (d�=dpt)

jet
pN = (d�=dpt)

jet
pp � A� with A = 14:7 the value � = 1:56 � 0:07 is obtained. Such

value agrees with accelerator data (ranging from � ' 1:37 and � ' 1:55 for Pb and Al target [5,18-20] at
< pjett >= 12:1 GeV=c mean value of our measurements) obtained at

p
s ' 30 GeV in the same range of

transverse momentum and pseudo-rapidity, showing that no change in the target mass number dependence of
jet production cross sections occurs between

p
s ' 30 GeV and

p
s ' 500GeV .
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3The invariant cross section used is: Ed3�

dp3
= p�n

t f(xt) with f(xt) = C (1�xt)
m

x2
t

, n = 4:74 � 0:06, m = 6:54 � 0:15,

C = (8:3 � 0:4) � 10�29 cm2GeV n�2 and xt = 2pt=
p
s [1].


