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Chapter 1

Introduction

1.1 Strong interactions and QCD

Till the middle of 20th century over a hundred strongly interacting particles were dis-
covered. In 1964 Gell-Mann and Zweig proposed that these particles are not elementary
but they consist of smaller objects called quarks. Scattering of high-energy leptons from
hadrons confirmed that there are pointlike constituents in the hadrons identified with
quarks and gluons – careers of strong force. Quarks appear in six types or flavours – u, d,
s, c, b, t. In addition they have an internal three-valued quantum number called colour.
The idea of colour symmetry was introduced to explain several problems: difference be-
tween experimental measurements and calculation of the π0 → 2γ rate; relation between
spin and statistics for ∆++; hadron production in e+e− annihilation; τ lepton decay. All
of this suggest that number of quark colours is Nc = 3.

Quantum Chromodynamics(QCD) is a theory of strong interaction. QCD is a gauge
theory with an exact local SU(3) colour symmetry. The quark fields transform under a
fundamental triplet representation of SU(3) group.

QCD Lagrangian can be written as:

LQCD =

nf
∑

k

qk(iγµDµ − mk)qk −
1

2
trGµνG

µν , (1.1)

where the covariant derivative Dµ and gluon field tensor Gµν have the form:

Dµ = ∂µ − igAµ (1.2)

Gµν = ∂µAν − ∂νAµ − ig[Aµ, Aν ] (1.3)

Aµ =

8
∑

a=1

Aa
µλa/2, (1.4)

where λa are Gell-Mann matrices (a=1,. . .,8), Aa
µ are gauge boson fields and qk are quark

colour triplets.
QCD is Quantum Field Theory and analytical calculation are made using perturbative

methods, so called perturbative Quantum Chromodynamics (pQCD). A typical parameter
used in pQCD is the coupling constant g. The calculations with Lagrangian from Eq. 1.1
lead to divergences due to the fact that Eq. 1.1 contains bare fields. These fields as
well as the coupling constant have to be redefined which is made in such a way that
divergent part is subtracted out. This procedure is referred as a renormalization. The
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renormalization is applied at a given momentum scale µ which can be chosen arbitrary.
Physical quantities should not depend on momentum scale. The invariance under the
choice of momentum scale form a group, called renormalization group. As a result the
coupling constant is momentum dependent, known as a running coupling constant. It
is common to introduce αs(Q

2) = g2(t)/4π, with g predefined coupling constant and
t renormalization group parameter. The running strong coupling constant in one loop
approximation can be expressed as:

αs(Q
2) =

4π

(11 − 2
3
nf) ln Q2

Λ2

, (1.5)

where nf is the number of quark flavours. Here αs depends on one parameter Λ which is
measured experimentally and determined to be Λ ≈ 200 MeV. This formula is perturbative
and it breaks down for large couplings. Nevertheless the parameter Λ is useful measure
for energy scale where the strong coupling constant become large. It is called the QCD
scale parameter. If the number of flavours nf ≤ 16 (we believe that nf = 6) than αs

will decrease with increasing of momentum Q and αs → 0 as Q → ∞ (this corresponds
to small distances) which is known as asymptotic freedom. This property of coupling
constant give a possibility to use pQCD at high-energy processes. This domain is known
as hard hadronic physics. At low momentum transfer perturbative methods are not
applicable. This domain is known as soft hadronic physics.

Calculation of low-energy processes require non-perturbative methods. This can be
performed by numerical techniques, where continuous space-time points are replaced with
discrete coordinates, the method called lattice QCD.

1.2 Soft hadronic physics

Perturbative methods are not applicable at low momentum transfer processes, since the
coupling constant α is too large. A number of phenomenological models have been devel-
oped in order to study soft hadronic processes. A more recent approach is based on the
parton model, motivated by its success in lepton-hadron deep inelastic scattering.

In general the hadron-hadron interaction is assumed to proceeds in two steps. In first
step a quark from one of the hadron interacts with a quark from the other hadron. In the
second step the “hadron reminder” fragments into final-state hadrons. The fragmentation
function is the same as in e+e− and lepton-hadron interactions. A review can be found
in [5].

Phenomenological models have a number of free parameters which have to be deter-
mined from the measured data.

In the lack of quantitative theoretical predictions, an attempt is made to look at a
model independent way of improving understanding of the underlying production mecha-
nism. This requires to exploit all possible types of hadronic interactions, ranging from ele-
mentary hadron-hadron (h+h) through hadron-nucleus (h+A) to nucleus-nucleus (A+A)
collisions, combined with a large phase space coverage and particle identification.

Multiparticle final states encountered in hadronic interaction form a multidimensional
phase space. An inclusive single particle production covers only the simplest surface of
the multidimensional phase space. This type of reaction has two independent momentum
components. As such are chosen transverse momentum pT and reduced longitudinal
variable Feynman x xF , defined as:
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xF =
pL√
s/2

, (1.6)

where pL is longitudinal momentum in the nucleon-nucleon rest frame and s is invariant
mass squared of the nucleons.

In the thesis an inclusive production of charged pions in p+p and p+C collisions is
examined:

p + p → π± + X

p + C → π± + X.
(1.7)

Hadron-nucleus interactions give an access to multiple hadronic collision processes.
They also give an important link between h+h reactions and A+A interactions. In fact
any model independent attempt for understanding the latter processes has to be based on
the reference to more elementary h+h and h+A interactions. The light isoscalar nucleus
12C allows to study the evolution from elementary to nuclear interactions for a small
number of projectile collisions. In contrast to symmetric p+p reaction p+C is forward-
backward asymmetric which necessitates in principle a full phase space coverage.

1.3 Experimental situation

There are several p+p experiments [20–32] which have published particle yields in the
range of beam momentum from 100 to 400 GeV/c. These experiments can be divided
tentatively in three groups.

The first one concerns bubble chamber experiments where the data samples are very
limited with not more than 10 000 events and without particle identification.

The second group are spectrometer experiments. They are characterized with small
phase space coverage as the spectrometer measures particles produced at fixed angle at
the given momentum. They have a particle identification.

The third group are solid angle spectrometers which feature large phase space coverage
and particle identification. Unfortunately, very few of their result have been published.

Only the experiments from the second group give results on double differential pion
cross section:

d2σ

dxFdp2
T

. (1.8)

The phase space coverage of existing measurements of double differential invariant
cross section of identified pions at NA49 energy range is illustrated in Fig. 1.1a. It is seen
from the plot that two Fermilab experiments [20,21] have a limited phase space coverage
and the data are very scarce or absent completely in the regions of pT below 0.3 GeV/c
and above 1 GeV/c as well as at xF below 0.2. In addition to this the experiment [20], as
will be shown in Sect. 5.5.1, suffers from large systematic errors which makes it unusable
for quantitative reference.

The respective NA49 coverage is presented in Fig. 1.1b. The large acceptance allows
for the first time a detailed study at low pT and low xF ranges. The pT limit of 2 GeV/c
is entirely due to the decreasing statistics.

Additional data from ISR [50] – [52], measured in
√

s range from 23 to 63 GeV, where
used for comparison in the high xF range where Feynman scaling is expected to hold.
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Figure 1.1: Phase space coverage of existing data in p+p: a) Fermilab, b) NA49

In p+C case the situation is even more restricted. There are two Fermilab experiments
[35, 36] which give the double differential invariant cross section. The first one covers
region in the far forward hemisphere, the second one measures at fixed angles in the far
backward region, yielding an important information about the intranuclear cascading.
The situation is depicted in Fig. 1.2a which shows the absence of data in the central
region -0.2 < xF < 0.3.

The new NA49 results permit to fill this gap to a large extent, as shown in Fig. 1.2b.
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Figure 1.2: Phase space coverage of existing data in p+C: a) Fermilab, b) NA49



1.4 Capabilities of NA49 experiment 5

Again as in the p+p case they are limited to pT < 1.8 GeV/c and to xF < 0.5 essentially
by the modest event statistics. Due to the asymmetric nature of p+C interaction a special
effort was invested in exploring the backward hemisphere up to the acceptance limit of
the detector. A pT dependent cut at xF > -0.1 is imposed both by the NA49 acceptance
and by the particle identification via ionization energy loss. Nevertheless an inspection of
the important cross-over region between projectile and target hemispheres is possible.

1.4 Capabilities of NA49 experiment

The NA49 experiment has a number of features which allows to make a sizable improve-
ment in the quality of data compared to the previous measurements:

• Variety of projectiles and targets. A large set of reactions is needed to observe
evolution of physics quantities starting from h+h interaction to more complex sys-
tem. The NA49 experiment has obtained data with different projectiles and targets,
covering h+h, h+A and A+A collisions, all of this performed with same detector.

• Large momentum phase space coverage. A large momentum phase space coverage can
provide a detailed information about particle production. Even more, studies beyond
inclusive particle production like particle correlations, resonance spectroscopy are
not possible with a small arm spectrometer. The detector has covered the full
forward hemisphere and a small part of the backward region.

• Particle identification. Particle identification plays a significant role for obtaining of
inclusive particle spectra as well as for correlation measurements. The identification
is achieved by measurement of the specific energy loss of the particles.

• High statistics. Detailed studies require high statistics samples of about several
million events.

• Centrality control. More complex reactions, as h+A and A+A, has an additional
parameter, namely the centrality of the collision (or impact parameter). The final
state changes considerably with the centrality, therefore nuclear collisions have to
be studied against this parameter.

1.5 Outline of the thesis

This thesis is organized as follows.
Chapter 2 contains the description of the NA49 experiment.
Chapter 3 presents the data samples obtained by NA49 and phase space coverage of

the detector. The event and track selection criteria and particle identification method are
discussed.

In Chapter 4 the total inelastic, trigger and invariant double differential cross section
are defined. The corrections applied to the measured cross sections and overview of the
systematic error are given.

The final double differential and pT integrated cross sections are presented and tab-
ulated in Chapter 5 and Chapter 6, respectively. A detailed comparison with previous
measurements is made.

Chapter 7 deals with pT integrated xF distributions of pion production in p+C collision
in relation to p+p interactions. The p+p as well as p+C data are discussed in the
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framework of simple two-component picture. The intranuclear cascading contribution in
p+C collisions is quantified.

In Chapter 8 the pT behaviour of the double differential cross section in p+C collisions
is discussed again in relation to p+p interactions.

Finally, Chapter 9 and Chapter 10 give a summary of results.
The results presented in this thesis are published in [1–3].



Chapter 2

The NA49 experiment

The NA49 is a fix target experiment situated in North Area at the CERN SPS accelerator.
It was designed for studying h+h, h+A as well as A+A reactions. The final state hadrons
produced can vary typically from 5-7 in p(π)+p interactions up to 3000 in central Pb+Pb
collisions. It is aimed to produce large data samples for each reaction type with the same
apparatus which provide at same time wide acceptance coverage and complete particle
identification. In addition the extreme particle multiplicities in heavy ion collisions require
extraordinary multi-particle pattern recognition and separation capabilities.

To fulfill these requirements the NA49 experiment uses a set of Time Projection Cham-
bers (TPC). Schematic top view of the detector system is shown in Fig. 2.1. The NA49
tracking system consists of four large volume TPCs. The TPC system provides superior
multi-particle pattern recognition and adequate space resolution combined with energy
loss measurement.Two of the TPCs (VTPC1 and VTPC2) are placed inside superconduct-
ing dipole magnets ensuring momentum measurement. The other two (MTPC L,MTPC
R) are placed behind the magnets offering a large volume for tracking.

The NA49 detector system includes also three proportional chambers (BPD 1,2,3) for
the beam transverse coordinate determination and a set of scintillator counters (S1,S2,V0,S4)
assigning the trigger. A small TPC (GTPC), see Fig. 2.2, placed between VTPC1 and
VTPC2 which together with two strip-readout proportional chambers (VPC1 and VPC2),
also shown in Fig. 2.2, extend the acceptance up to kinematic limit.

Four walls of Time Of Flight (TOF) scintillator detectors placed behind MTPCs and
two arrays of PESTOF counters placed between two magnets ensure independent method
of particle identification in the region of minimum ionization, βγ ∼ 3.

Two downstream calorimeters, Ring and Veto calorimeter, complete particle detection
coverage and serve as a trigger in ion collisions.

2.1 Beam detectors and interaction trigger

Protons from SPS with 400 GeV/c impinged on 10 cm long Be target create a secondary
beam, selected at 158 GeV/c momentum. The beam momentum resolution is 0.13%. This
secondary beam contains roughly 65% protons which are identified with a CEDAR [6]
Ring Čerenkov counter. Upstream scintillators and Beam Position Detectors provide
precise timing, charge and position measurement before the proton beam interacts with
the target.

Two scintillator counters S1 (5 mm thick) and S2 (2 mm thick) provide timing and
beam definition. A ring-shaped veto counter V0 reducing the background from upstream
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Figure 2.1: The NA49 experiment set-up with different beam definitions and target arrange-
ments: a) A+A, b) h+h, c) h+A

interaction. The beam is defined as B = C · S1 · S2 · V 0. Interaction in the target are
selected by anti-coincidence of the beam and a small scintillator S4, with 2 cm diameter
placed between the two magnets, B · S4.

The transverse position of the beam is measured by three small (3×3 cm) proportional
chambers with cathode strip readout. They consist of two orthogonal sense wire planes
sandwiched between three cathode planes. The 15 µm tungsten wires with 2 mm pitch
give 170 µm precision in beam position extrapolated to the target.

2.2 Targets

In p+p interactions a liquid hydrogen target is used while in p+C collisions a graphite
cylindrical shaped solid target is employed. Specifications of the targets are given in Table
2.1.

target proton carbon

length [cm] 20.29 0.7

diameter [cm] 3 0.6

density [g/cm3] 0.0707 1.83

atomic mass [g/mol] 1.0079 12.0107

target interaction length [%] 2.8 1.5

Table 2.1: Specifications of the targets
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2.3 Grey proton detector

The target in p+A interactions is housed in a grey proton detector which measures the
number of “grey” target protons in the momentum range from 0.15 to 1 GeV/c. The
grey proton detector has been developed for on-line centrality control of the collision.
It is known from emulsion and bubble chamber experiments [7, 8] that this number is
correlated with the impact parameter. A more detailed discussion of the physics of grey
protons can be found in [9, 10].

This detector is a cylindrical proportional counter of 12 cm diameter which surrounds
the target and has a window in forward direction corresponding to the acceptance of the
spectrometer inside polar angles of ±45◦. Its surface is subdivided into 256 pads which
provides ample granularity for the counting of typically less than 8 grey protons measured
per event in light ion applications. A thin (200 µm) copper sheet on the inner surface
absorbs nuclear fragments by range, and an electronics threshold placed at 1.5 times
the minimum ionization deposit cuts high momentum particles as the grey protons are
placed high on the 1/β2 branch of the Bethe-Bloch energy loss distribution. Grey protons
in the momentum range from 0.15 to 1.2 GeV/c reconstructed and identified inside the
spectrometer acceptance are added to the number measured in the centrality detector.

Due to the very short available data taking period and to the sharp drop of the event
yield as a function of the number of grey protons (less than 30% of all events have a
measured grey proton), the on-line triggering capability on grey protons available in the
NA49 trigger system could not be used in this analysis.

2.4 The TPC system

The NA49 TPC system is the major part of the NA49 detector. It features precise
coordinate measurement and specific energy loss determination. One example of event
is shown in Fig. 2.2 where the dots are measured space points and lines represent fitted
tracks.

Geometrical dimensions of the TPCs are given in Table 2.2.

dimensions [cm] VTPC-1,2 MTPC-L/R GTPC

width 200 390 81.5

length 250 390 30

height 98 180 70

drift length 66.6 111.7 59

Table 2.2: Geometrical dimensions of the TPCs

2.4.1 Basic principles of TPC

A TPC consists of two parts – sensitive volume and readout chambers. The TPC volume
is filled with gas. When a high energy charged particle traverses through the sensitive
volume, it ionizes the gas atoms along its trajectory. Electrons created by the ionization
drift to the top of the TPC influenced by a homogeneous electric field of order 150-
200 V/cm and reach the readout chamber, see Fig. 2.4. In the readout chamber the
electrons create an avalanche with gain of order 104. This induces a voltage pulse on a
segmented cathode plane from which the signal is read out.
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Figure 2.2: NA49 detector layout and a typical p+p event

The two horizontal coordinates are measured by the location of the signal in cathode
plane, the third by the drift time of electrons. In this way the measured trajectory of the
particle in magnetic field (VTPC-1,2) allows for momentum determination and positive
and negative particle separation. The specific energy loss is determined by the charge
deposit on the cathode plane ensuring identification of the charged particles.

2.4.2 Alignment and space position

The use of the same detector for the complete range of interactions implies a separation
of the sensitive volumes with respect to the beam trajectory. Otherwise, in the case
of heavy ion collisions non-interacting beam ions would create excessive chamber loads.
The corresponding acceptance loss in low pT region and large xF has been remedied by
introduction of a small TPC (GTPC), placed on the beam line between the two magnets
which is used only with hadron beams.

The space position of the TPC system with relation to the SPS beam coordinates is
determined to better than 200 µm accuracy, by optical methods. The consistency of the
measurement is checked with muon tracks and multi-target runs.

2.4.3 Gases

The TPCs volume is filled with gas mixture of Ne/CO2 (90/10) for the VTPCs and GTPC
and Ar/CH4/CO2 (90/5/5) for the MTPCs. These compositions have been chosen taking
into account diffusion coefficients, drift velocities and an electron attachment. Diffusion
coefficients have been measured to be 200 µm/

√
cm and 270 µm/

√
cm for Ne and Ar



2.4 The TPC system 11

mixture respectively. This corresponds to drift velocities of 1.4 cm/µs in the VTPCs
(E = 200 V/cm) and 2.4 cm/µs in MTPCs (E = 175 V/cm). The electron attachment in
VTPCs is bigger due to CO2 content. The attachment losses of 1.2% and 0.6% per ppm
of oxygen over the 50 µs drift time have been measured in the two types of detectors. The
gas purity and composition is controlled by a gas system. The temperature is stabilized
to better than 0.1◦C.

2.4.4 Field cages, gas envelopes, support plates

The mechanical construction is designed in such a way to have a minimum amount of
material crossed by the particles, a homogeneous electric field, separation of the field cage
and gas envelope etc. Basic elements of the field cage are aluminazed Mylar strips of
25 µm thickness and 1/2 inch width. They are suspended on ceramic tubes placed in
the corners of the rectangular field cages, with a distance of 2 mm between strip edges,
creating a homogeneous electric field. The High Voltage planes are realized using the same
type of strips. Schematic drawing of the field cage of the VTPC is shown in Fig. 2.3.

Support plate
(readout chambers)

25 µm aluminized 
Mylar strips

125 µm
 Mylar  window

35 µm Cu-foil

Honeycomb 

HV-plane

Ceramic rods (Ti coated)

HV
divider

G10
frame

Beam

Figure 2.3: Schematic drawing of one of the VTPCs

The gas envelopes are made of double layer of 125 µm Mylar foil glued to a double frame
system made of 6 mm thick fiberglass-epoxy. The volume between layers is filled with
Nitrogen in order to minimize gas impurity diffusion. The gas envelopes are completely
separated from the drift field structure.

The field cages and gas envelopes are carried by support plates which also house the
readout chambers.

2.4.5 Readout chambers

The NA49 TPC system has 62 readout proportional chambers each with a surface of
72×72 cm2. The readout chambers consist of gating grid, cathode plane (Frisch grid),
sense and field wire plane and segmented pad plane. Electrons liberated by the charged
particle traverse sensitive volume of the TPC driven by the electric field E (Fig. 2.4) reach
the gating grid. The gating grid serves to stop the electrons if there is no trigger signal
and not to leave the ions produced during the electron gain in the readout chamber, in
the case of trigger signal, to enter into the sensitive volume of the TPC. Above the gating
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Charged particle track

Drifting electrons
from primary ionization

Gating grid

Cathode plane

Sense wire plane

Pad plane

Drift field
E

Figure 2.4: Schematic layout of the TPC readout chambers

grid is located the cathode plane which is on the ground potential followed by the sense
wires interspaced by the field (zero potential) wires. The sense wires are connected to
+1200 V potential and create an electron avalanche. The induced signal on the pad plane
is read out. The pads are arranged in rows perpendicular to the beam direction. The
numbers of rows are 72 for the VTPCs, 90 for the MTPCs and 7 for the GTPC. The pads
are tilted with respect to the beam from 0◦ to 55◦ depending on the expected direction
of the secondary tracks.

The gas gain is 2·104 and 5·103 in VTPCs and MTPCs, respectively. Sizes of the
elements of the readout chambers are presented in Table 2.3.

dimensions [mm] VTPC-1 VTPC-2 MTPC-L/R GTPC wire material

pad length 16, 28 28 40 28
pad width 3.5 3.5 3.6, 5.5 3.5
pad angles 12-55◦ 3-20◦ 0◦, 15◦ 0◦

sense wire diam. 0.02 0.02 0.02 0.02 W-Re (gold plated)
sense wire spacing 4 4 4 4

field wire diam. 0.125 0.125 0.125 0.125 Cu-Be (gold plated)
field wire spacing 4 4 4 4

Frisch grid wire diam. 0.075 0.075 0.075 0.075 Cu-Be
Frisch grid wire spacing 1 1 1 1

gating grid wire diam. 0.075 0.075 0.075 0.075 Cu-Be
gating grid wire spacing 1 1 2 1

Table 2.3: Geometrical dimensions of the readout chambers elements

2.4.6 Electronics and data acquisition

The NA49 readout system comprises 182 000 pads. The signal from each pad is taken by
the front-end electronics, connected on the back plane of the readout chambers. The signal
is amplified and shaped into Gaussian wave form with 240 ns FWHM. The analog signal
is time-sampled by Switched Capacitor Array with frequency of 10 MHz into 512 time
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buckets over the maximum drift time of 50 µs. The following digitization is accomplished
by the Wilkinson type ADC wit 9 bit resolution. The digital signal is processed in a
VME based system which perform noise rejection and zero suppression cutting out the
channels with entries below the threshold. In this way the initial event size of 100 MB is
compressed to 1.5 MB in p+p reaction and recorded on a tape recorder which can operate
at a transfer rate up to 16 MB/s. The event recording rate of 25-30 per SPS spill of 2.4 s
in 14 s cycles is realized.

The calibration of the electronics together with the gas gain in the readout chambers
is done by injecting the radioactive 83Kr gas [13].

2.4.7 Tracking and event reconstruction

The NA49 event reconstruction proceeds through several steps:

• Cluster finding. Two-dimensional clusters are formed by grouping the information
from neighboring pads and time buckets in each row. The position of each cluster
is taken by the center of gravity over the charged distribution.

• Local tracks construction. The clusters in each TPC separately are connected into
local tracks. Maximum number of clusters (or points) possible are 72 for each VTPC,
90 for MTPCs and 7 for GTPC.

• Global tracks construction. The local tracks in different TPCs are merged into global
tracks. For global tracks construction and momentum fitting a minimum of 8 clusters
are requested.

• Main vertex fitting. All global tracks found in the event are traced back to the target
position searching for the closest approach point.

• Momentum determination. After a successful reconstruction of the main vertex a
momentum fitting is performed including also tracks which have recorded cluster
only out of magnetic field.

The space resolution has been measured using muon tracks. A comparison of residual
distribution with and without magnetic field has shown that overall precision is of about
±200 µm in both horizontal and vertical direction. The achieved space resolution in
MTPCs varies from 120 µm to 270 µm depending on the drift length, with a mean value
of 210 µm compatible with the upper result.

The momentum resolution depends on the coordinate resolution, track length and
number of measured points. Typical values are ∆p/p2 = 7.0·10−4 (GeV/c)−1 for tracks
passing through VTPC-1 only (momentum range 0.5-8 GeV/c) and ∆p/p2 = 0.3·10−4 (GeV/c)−1

for tracks passing through VTPC-2 and MTPC (momentum range 4-100 GeV/c).
The resolution of main vertex in transverse direction is constraint by the beam position

measurement in BPDs (Fig. 2.1) to precision of 170 µm. Longitudinal position of the main
vertex is found by an extrapolation of the secondary tracks to about 80 cm upstream of
the VTPC1. It should be restricted by the target length. However in low multiplicity
events the reconstruction programme can shift fitted vertex far upstream or downstream
of the target.
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2.4.8 Tracking efficiency

There are two limiting conditions which could lead to track losses in the TPCs, namely
high track density regions (Pb+Pb) and “wrong” side tracks with respect to the magnetic
field. Tracks with a sizable transverse momentum can reach “wrong” hemisphere of charge.
These tracks have large crossing angle with respect to the pad direction which tends to
split clusters due to low charge deposit per pad. The corresponding losses are concentrated
in the low momentum region where the acceptance of the detector is low anyway.

In h+h and h+A reaction the tracking efficiency is almost 100% with losses being
negligible. This is guaranteed by very high local efficiency for cluster formation with a
losses below the permille level.

2.5 Time of flight system

The Time of flight (TOF) system covers the lab momentum region from 2 to 12 GeV/c.
It has a time resolution of order of 70 ps which allows for separation of protons from kaons
and pions in the entire range.

The TOF system consists of three subsystems:

• A pixel scintillator system placed behind the MTPCs (TOF-TL and TOF-TR in
Fig. 2.1). The two walls cover total surface of 4.4 m2 and contain 1782 individual
scintillators.

• A grid scintillator system placed at larger angles behind MTPCs (TOF-GL and
TOF-GR in Fig. 2.1). The total surface of the walls is 1.24 m2 and comprise 186
scintillation detectors.

• A system of PESTOF counters installed between the two magnets.

2.6 Ring calorimeter

The Ring Calorimeter is placed 18 m downstream of the interaction target. It is used
to measure the neutral particle production in the projectile hemisphere in p+p and p+A
collisions.

The calorimeter has a cylinder shape with inner bore of 56 cm and outer diameter of
3 m. It consists of two sections. In the front a lead/scintillator sandwich of 16 radiation
lengths measures the electromagnetic particles followed by the hadron part made of 6
interaction length iron/scintillator sandwich. The sensitive area is subdivided into ten
radial rings and 24 azimuthal sectors, forming 240 cells. The energy resolution can be
parametrized by σ(E)/E = 1.2/

√

E(GeV).

2.7 Veto proportional chambers

The NA49 detector was supplemented with two proportional chambers, Fig. 2.2, placed
behind the MTPCs, covering the gap between them. They are designed to extend the
charged particle detection in the very forward region up to the kinematic limit.

The chambers are realized with cathode strip read out. Each of them consists of
horizontal anode wires capacitively coupled to the two cathode planes. The strips in
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cathode planes are inclined at 60◦ in opposite directions. The intersection of the firing
strips defines the position of the hit.

The position resolution was tested with the TPC tracks which cross through the VPCs.
It was measured to be 2 mm in vertical and 2.7 mm in horizontal direction. The efficiency
was found to be above 99% from data taken with a muon trigger.

Together with the GTPC the VPCs provide a precise momentum determination of
the fast forward charged particle and in the same time they are used as a veto counter
separating in this way the charged from neutral particle measured in the Ring Calorimeter.



Chapter 3

Data analysis

3.1 Selection

3.1.1 Event selection

About 18% of p+p and 30% of p+C events come from interactions of the beam with
non-target materials. In both reactions alternate runs with full and empty target were
performed and used to reduce these background events with suitable off-line cuts. These
cuts concern the beam position close to the target and longitudinal position of the inter-
action vertex.

The beam position is measured by the three BPDs, see Fig. 2.1. The three inde-
pendent measurements of the beam over 30 m distance are required to be collinear in
both transverse coordinates by imposing that the extrapolation from BPD1 and BPD2
to BPD3 coincides with the measured beam position in BPD3. This is shown in Fig. 3.1
and only events which fall between the two lines are accepted.
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Figure 3.1: Beam position at BPD3 versus extrapolated position from BPD1 and BPD2 to
BPD3

The precision of the reconstructed longitudinal position of the interaction point de-
pends strongly on the event multiplicity and configuration. A cut on longitudinal position
of the vertex is performed taking into account the number of tracks in the event which
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cross a sizable part of the TPC system. Short tracks are not used for vertex determination.
Cuts are placed in such a way that no target events are rejected. The normalized distri-
bution of z coordinate of the vertex from full and empty target for different multiplicities
is presented in Fig. 3.2.
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Figure 3.2: Normalized vertex distributions from full (full line) and empty (dashed line) target
events with selected track multiplicity a) one and b) five and more. The z-vertex position cuts
are indicated with arrows. The walls of the vessel which contains the liquid hydrogen at ∼ -
590 cm and ∼ -570 cm and the entrance of VTPC1 at ∼ -505 are clearly visible in the empty
target distributions

These cuts decrease the background to 9% and 16% in p+p and p+C interactions,
respectively. Most of the remaining empty target contribution is due to empty events
where no track in the acceptance of the TPC system have been registered and the other
part are low multiplicity events where the vertex fitting failed. Contribution from such
event will be treated as a small correction to the particle yields, see Sect.4.4.1.

The statistics available after event selection is 4.8·106 events in p+p obtained in three
running periods in 1999, 2000, 2002 and 3.8·105 events in p+C taken in one running
period in 2002. The number of events analyzed are given in Table 3.1.

3.1.2 Track selection

A track in the NA49 detector is defined by the ensemble of clusters (points) in three
dimensions that a charged particle leaves in the effective volume of the TPC system.
These clusters have a typical spacing in track direction of about 3 cm in the VTPCs and
4 cm in the MTPC regions.

Regions of 100% acceptance can be readily defined in each kinematic bin ∆xF , ∆pT ,
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reaction Events taken Events after selection
type Year Full target Empty target Full target Empty target

1999 1 211 41.2 906 13.7
p+p 2000 2 648 47.8 2 049 16.9

2002 2 508 69.0 1 814 21.8
total 6 367 158.0 4 769 52.4

p+C 2002 535.7 31.2 377.6 11.8

Table 3.1: The event statistics, given in 103

and the azimuthal angle wedge ∆Φ by inspecting the distribution of points per track
in comparison to the expected value. This is achieved by adjusting ∆Φ such that this
distribution does not show tails beyond a well-defined average. This gives at the same
time an experimental handle to stay away from edge regions which show a drop of the
number of points.

In addition a minimum of 30 points for each track is required in order to ensure a
desired quality of particle identification, see Sect.3.3. This corresponds to a track length
of about 90 cm in the detector. The only exception is the high momentum tracks which
pass through the GTPC and VPCs and can leave maximum 9 points (7 in the GTPC
and 2 in the VPCs) where no particle identification is reliable. In Fig. 3.3 are presented
a number of points distributions in a typical analysis bin.
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Figure 3.3: Number of points distribution measured at xF = 0.05 and pT = 0.3 GeV/c for a)
p+p and b) p+C collisions

The cut on the number of points is co-ordinated with the ∆φ wedge in such a way
that there is no track losses. The only possibility of track losses are weak decays of pions
or hadronic interactions with the detector gas where less than 30 points in the tracks are
left. It has been verified by the eye-scans that such shortened tracks appeared by either a
decay or a hadronic interaction. In the first case an additional track emerges at an angle
with respect to the primary track. In the second case several tracks are visible pointing
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at the well defined interaction vertex where the pion disappears. A correction for such
cases is applied, see Sect. 4.4.5.

3.2 Binning schemes and Acceptance

Pions produced in p+p and p+C reactions have similar configurations in phase space and
similar binning schemes in the (xF ,pT ) plane have been used. The only difference arises
from the lower statistics in p+C, which forces us to exclude from analysis high pT and xF

regions.
The binning schemes have been chosen taking into account several aspects:

• Optimum exploitation of available statistics.

• Definition of bin centers at consistent values of xF and pT . This will help a compar-
ison to other data and other reaction types.

• Compliance with the structure of the inclusive cross section. In the regions where
the cross section changes rapidly the bins are put densely.

• A relatively small bin in total laboratory momentum for optimum extraction of
specific energy loss for particle identification. As the ionization losses depend on
momentum in lab system, increasing the lab momentum range of the bin will lead
to widening of the dE/dx distribution and worsening of the particle type separation
capabilities.

• Avoidance of overlap and minimization of lost regions.
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Figure 3.4: Binning scheme in p+p for different xF and pT together with the information about
bin sizes and statistical error
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Figure 3.5: Binning scheme in p+C for different xF and pT together with the information about
bin sizes and statistical error

• Optimization of bin sizes in order to minimize correction for the binning effect, see
Sect.4.4.7.

The bin schemes are shown in Fig. 3.4 for p+p and in Fig. 3.5 for p+C.

3.3 Particle Identification

Particle identification on NA49 experiment relies on measurement of the specific energy
loss dE/dx in the TPC system.

3.3.1 Bethe-Bloch function

When a charged high energy particle traverses a medium, it losses part of its energy
ionizing the atoms, creating free electrons. The energy loss of the particle depends on its
velocity which in combination with the measured momentum in a magnetic field allows
for identification of the particle. The mean energy loss per unit length is given by the
Bethe-Bloch function:

dE

dx
=

Kz2

2

Z

A

1

β2

[

ln
2mec

2β2γ2Tmax

I2
− 2β2 − δ(β)

]

(3.1)

Here Tmax is the maximum kinetic energy which can be obtained by an electron in a single
collision, z is the charge of particle traversing medium, Z and A are the atomic number
and atomic mass of the medium, I is the mean ionization energy, δ is a density effect



3.3 Particle Identification 21

correction to ionization energy loss, K = 4πNAr2
emec

2 = 0.307 MeV·g−1·cm2, me is the
electron mass, re is the classical electron radius and NA is Avogadro number.
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Figure 3.6: Example of Bethe-Bloch function versus βγ

The shape of the Bethe-Bloch function is shown in Fig. 3.6. The main features are
the decreasing of the energy losses in the low momentum range as 1/β2, reaching the
minimum at about βγ = 3.5 ÷ 4 and slow increasing to the saturation value.

3.3.2 dE/dx measurement. Truncated mean. dE/dx resolution

The dE/dx measurement is performed in the TPC system where charge deposits (clusters)
along the track in each space point are collected. The track lengths in the gas volume of
TPCs reach up to 6 m with a maximum of 234 clusters.

The energy loss by a particle is a random process described by Landau distribution [11]
and hence the charge deposits will obey the same distribution. Landau distribution is a
wide asymmetric distribution with a long tail to higher values. Therefore the straight
forward mean of the charge deposits will not describe good enough the mean energy
losses. To improve the dE/dx resolution a truncated mean method is used where 50% of
the smallest cluster charges of the track are kept to form the mean energy loss dE/dx. The
truncation transform the Landau distribution of the samples into a Gaussian distribution
of the mean per track. This truncation produces non-linear transformation of the Bethe-
Bloch function which is taken into account by the used distorted approximation of the
Bethe-Bloch function, for more details see [12].

If the number of points is above 30 (see Sect.3.1.2) the relative resolution of the specific
energy loss is parametrized in the form:

σ(N, dE/dx)

dE/dx
= σ0

1

N b
(dE/dx)a, (3.2)

where dE/dx is the truncated mean, N is the number of points. The parameters σ0, a, b
and dependence of the truncated mean on the number of points dE/dx(N) are determined
from the data. To this end, for each of the 62 readout sectors of the TPC system, tracks
are binned in laboratory momentum plab and a preliminary truncated mean distribution is
formed with the samples found outside the sector under study. Sharp cuts are performed
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on this preliminary dE/dx measurement in order to separate electrons, pions, kaons and
protons in each momentum bin. Samples from different, identified tracks in the given
sector are then combined into truncated means with an arbitrary number of samples in
order to determine the dependences defined above.

Figure 3.7: a) Deviation of the mean dE/dx(Ns) from dE/dx(∞) as a function of number of
points Ns, b) dE/dx resolution as function of dE/dx, c) dE/dx resolution as function of number
of points Ns

The dependence of the dE/dx measurement on the number of samples dE/dx(N) is
shown in 3.7a. Parameters a and b are extracted from 3.7b,c:

a = −0.39 ± 0.03,

b = −0.50 ± 0.01.
(3.3)

The function dE/dx(N) and parameters a and b are found independent on the gas
type(Ne based in VTPCs and Ar based in MTPCs). The parameter σ0 also does not
depend on the gas type as it has been shown by Lehraus et al. [15] and can be understood
by the different behavior of the secondary ionization in various noble gases [16]. The
difference in σ0 comes from the shorter pads in VTPCs (2.8 cm) compared with MTPCs
(4 cm). The dependence is given again from parameter a and the results are:

σvertex
0 = 0.41,

σmain
0 = 0.352.

(3.4)

The truncation introduces a non linearity with relation to Bethe-Bloch function which
has a different dependence on particle velocity in the two gases. The difference can reach
up to 5% and this has to be taken into account.

If the track has clusters in both chambers (VTPC+MTPC), a truncation is made sep-
arately for the clusters in VTPC and for the clusters in MTPC. The truncation value from
the MTPC is transformed to the value corresponding to the VTPC using a linear trans-
formation, see [12]. The weighted average is formed taking into account the respective
resolutions.

Before forming the truncated mean several corrections to the cluster charge have to
be applied to compensate detector effects:
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• Time dependence. The gas gain of the TPC depends on the variations of the tem-
perature and atmospheric pressure. The TPC gas is under atmospheric pressure
and therefore variation in atmospheric pressure are monitored and the gas gain is
corrected off-line for this effect. The temperature can be stabilized to a level of
± 0.1◦C by air conditioners. Nevertheless there are still variations in gas gain due
to day/night change of temperature, not fully corrected pressure dependence and
possible changes in the power. To eliminate these dependences a correction which
follows the gas gain during the years of data taking was applied.

• Track angles. The pads of the cathode readout plate are tilted with respect to z
coordinate up to 55◦ in order to follow the expected track direction. Despite of this
tracks cross the pads with some angle and left less charge on them as they would
if they cross the pad in whole its length. A simple geometrical correction for this
effect was applied.

• Drift length. The drift distance of electrons can reach 110 cm, see Table 2.2. During
the drift electrons can be lost due to attachments to O2 molecules. These losses can
reach 1-2% in VTPCs and 3-4% in MTPCs. Other more important loss component
arises from the zero suppression threshold at 5 ADC counts. For a bigger drift
distance the cluster sizes become larger due to the diffusion and the charge spreads
over more pads in the pad raw. In this case the signal in some of the pads could be
below the electronic threshold and its contribution to the total charge of the cluster
will be lost. A Monte Carlo simulation was developed to correct for these effects
which could reach up to 20%.

• Magnetic effect. Magnetic field inhomogeneities in the VTPCs lead to appearance
of additional force proportional to E ×B which could displaced the charge position
up to several cm at the edges of the chamber. A laser system was used to calculate
E × B correction.

The above corrections are applied separately for each readout sector. In total TPC
system has 62 sectors, excluding GTPC which is not used for dE/dx measurement. All
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of the sectors are independent units with separate power supplies which means that gas
gain will be different in various sectors. The measured clusters are used to compare gas
gain in different sectors, defining a constant (called sector constant) for each sector which
characterizes the gas gain in the given sector. An iterative algorithm is developed to
equalize the gain in the sectors and normalize cluster charge to parametrized Bethe-Bloch
function.

The resulting resolution is typically 3-4% over the most of the phase space and increases
to 8% at low xF and pT and high xF due to the smaller number of clusters. A scatter plot
of measured dE/dx values, with respect to minimum ionization, versus track momentum
is shown in Fig. 3.8. The lines represent the mean response of the detector for the different
particle types.

3.3.3 Fit procedure

Particle yields are obtained fitting dE/dx distribution in small momentum bins defined
in Sect.3.2. A typical dE/dx distribution is shown in Fig. 3.9.
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Figure 3.9: A typical dE/dx distribution. The lines represent the fit

The fitting function is based on superposition of Gaussians with form for each track:

G(x, x0
k, σ, sk, r) =

1√
2π(rσ)

exp[−(x − (x0
k + sk))2/2(rσ)2], (3.5)

where with k=1,. . .,4 is denoted particle type ( electrons, pions, kaons, protons), with x
the energy loss dE/dx, x0

k is the mean energy loss for the particle type i calculated by
the parametrized Bethe-Bloch function. The variance σ is derived by using formula 3.2
taking in this way into account proper dE/dx resolution dependence on the number of
points N . The parameters sk (called shifts) with k=1,. . .,4 and r are extracted from the
fit. These five parameters would be determined (sk = 0 and r = 1) if the mean energy loss
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and σ could be predicted exactly by the Bethe-Bloch and Eq. 3.2, respectively. Due to the
complexity of the primary and secondary ionization processes this prediction is, however,
not possible on the level of precision needed here. The mean energy loss and resolution
are obtained experimentally and some small but significant deviations are present due to
imperfections in the dE/dx calibration, like not properly taken out E × B effect, edge
effects, deformations in the parametrization of Bethe-Bloch function. Indeed, in order
to keep the systematic error of the extracted yield well below the statistical uncertainty,
these shifts have to be and can be determined on the sub-percent level.

The total number of parameters of the fit is nine. The four particle yields in addition
to the five parameters mentioned above complete the set. The fitting is performed by
minimizing the χ2 over the dE/dx distribution:

χ2 =
n
∑

i

(Ni −
∑4

k=1 akMik)2

σ2
i

, (3.6)

where i=1,. . .,n are bins in dE/dx distribution histogram, Ni is measured number of en-
tries in i-th bin, Mik is number of entries defined by Eq.3.5, ak is the number of the particle
of type k divided to the total number of particle in the analysis bin. The parameters ak

are proportional to the particle yields.

3.3.4 dE/dx crossing and backward region

Particle identification based on specific energy loss measurement is not possible in the
laboratory momentum range between 1 and 3 GeV/c, due to the cross-over of the energy
loss function of the different particle species (π, K, p), see Fig. 3.8. This covers the central
region around xF = 0 and low pT , where the richest pion production is concentrated, as
well as a part of the backward hemisphere which can give information for the target
fragmentation, especially interesting in asymmetric p+C collisions.
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Figure 3.10: dE/dx distribution in a) pion bin (p = 1.6 GeV/c) and b) corresponding reflected
proton bin (p = 44 GeV/c)
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In order to extract pion yields in this region a reflection technique already used in
bubble chamber experiments [45,46] has been adopted. The idea is to measure the number
of protons, kaons and electrons and then to subtract them from the total number of
particles in the given bin. This is done by transforming the complete pion analysis bin
into the lab system, followed by transformation back into the central mass system with
proton (or kaon) assumption and reflection of the bin with respect to xF =0. In the
resulting bin the dE/dx fit is performed. The dE/dx distributions for the original pion
bin and the corresponding proton-reflected bin is shown in Fig. 3.10.

In the p+p case the reflection technique is used for pT < 0.3 GeV/c at xF = 0 and
up to xF = 0.02 at pT = 0.05 GeV/c. In all cases the electrons can be extracted directly
from the initial bin as they are separated from the pions. The estimated systematic error
from this method is below 1% since the proton and kaon contributions are on the 5-10%
level in this kinematic area. The consistency of the method has been tested in bins where
both the normal extraction and the reflection method are usable, and its reliability was
confirmed.

The extended coverage of the backward hemisphere together with the forward-backward
asymmetry of p+C interactions necessitates an extension of the methods developed in [1]
for the treatment of the lab momentum region below 3 GeV/c where the energy loss func-
tions of pions, kaons and protons approach each other. The kinematic situation in this
region is indicated in Fig. 3.11.
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F ) plane, and
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F ,xp
F ) plane. The single hatched areas in b) and c) correspond to the regions where pions

can be identified due to the 1/β2 increase of energy loss of the kaons and protons, respectively

Using the pion mass in the transformation from xF to lab momentum the critical
zone is defined by the hatched area in Fig. 3.11a where the upper limit corresponds to
plab = 3 GeV/c and the lower limit traces the pT cut-off used in the data extraction
(Fig. 3.5). This area is mapped into the xF regions for kaons (Fig. 3.11b) and protons

(Fig. 3.11c) as a function of xpion
F when using the proper masses in the corresponding

Lorentz transformations.
For protons this ratio is measured in some areas as shown in Fig. 3.12. Three regions

are observed – xF < 0.2, xF = 0.2 ÷ 0.4 and xF = 0.4 ÷ 0.6. In the low xF region the
specific ionization losses dE/dx of the protons are smaller than pion losses, in the high
xF region is opposite – proton losses are bigger than pion losses. The reflection method
is applied in the middle using the interpolation curve.

The p/π− and K/π ratios are smaller than 10% for all bins in the critical area. Here
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dependence is seen. With the line is presented the parametrization of the data which is used for
correction

again the method of bin reflection was used by imposing an extrapolation of the measured
yield ratio with respect to p+p interactions into the backward hemisphere as shown in
Fig. 3.13 for kaons. In this case the ratio in the far backward region corresponds to
the mean number of projectile collisions predicted from the inelastic p+C and p+p cross
sections, see Sect. 7.2.2. For kaons the different loss rates from weak decays in the forward
and backward hemispheres were taken into account in the yield determination.

The statistical errors given for the data points in the dE/dx overlap region are defined

as
√

number of tracks/(number of pions) in each bin, thus taking into account possible
systematic uncertainties in the yield extraction. These uncertainties are related to the
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K/π and p/π ratios. For negative pions, the K−/π− and p/π− ratios reach the maximum
values of 10% and 2% respectively as given above, at the upper end of the pT scale
in the hatched region in Fig. 3.11a. Here, the extrapolation from the measured region
does not allow for noticeable systematic deviations. These ratios decrease rapidly with
decreasing of pT to a few percent for K/π and to zero for p/π−. This is a consequence
of the steep xF dependence of the yields of these particles, and the large difference in
xF for the different masses, Fig 3.11b,c. Even sizable error limits in the extracted
forward/backward behaviour of K− and p will therefore result in systematic deviations
within the error estimation given above.

The p/π+ ratio reaches maximum values between 10% and 40% in the upper pT range
of Fig. 3.11a. Here again the extrapolation from the measured region, the interpolation
using the reflection method, Fig. 3.12, the rapid decrease of the ratio as function of pT and
the clean separation of the proton yields in the low momentum region keep the systematic
uncertainties below the statistical errors.

3.3.5 Constraints on electrons and kaons at high xF

At xF above 0.3 (plab ≈ 45 GeV/c) the energy loss of all particle types approach the
relativistic plateau which makes independent particle extraction difficult. In addition to
this the yields decrease rapidly as xF increases which progressively reduces the available
statistics per bin. Furthermore, the track lengths become shorter which makes dE/dx
measurement less precise.

In this region the e/π ratio is typically of order of a few permille. The electron peak
lies in the tail of the pion peak and the fit has a tendency to overestimate the electron
yield obtaining ratio on the level of few percent. In order to control e/π ratio, a Monte
Carlo simulation was constructed assuming that electrons come mostly from π0 decays.
The π0 cross section is derived by averaging the measured charged pions. The conversion
probability is adjusted to the measurement of e/π ratio at xF = 0.05 as shown in Fig. 3.14.

The (K−+p)/π− ratio falls steeply with xF for all pT values. As dE/dx fits become
very unreliable above xF = 0.55 measurement was complemented with values from other
experiments [20, 21] which allowed to extend data set for π− in p+p up to xF = 0.85.
Such data sets are not available in the p+C case which in addition with lower statistics
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Carlo results
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restricts data extraction to xF = 0.5.
In the case of K+ the situation is even more difficult because of the dominant proton

component. The K+ are situated between two larger peaks of pions and protons and the
dE/dx fit tends to find unphysical local minimum of χ2 displacing kaon position towards
pions or protons. In this area K+ shifts have to be constrained using proton and pion shift
values. The resulting ratio K+/π+ is in good agreement with other experiments [20, 21].



Chapter 4

Cross section and Corrections

4.1 Total inelastic cross section

In p+p interaction the total cross section σtot is given by the sum:

σtot = σel + σinel, (4.1)

where σel is the total elastic cross section with no secondary particles produced and σinel

is the total inelastic cross section which was measured to be 31.78 mb [37,38].
In p+C interaction σtot is defined as:

σtot = σel + σinel + σquasi. (4.2)

Here in contrast to p+p an additional member appears σquasi, so called quasi-elastic
scattering. This corresponds to scattering of incoming proton on individual nucleons in
the carbon nucleus as σel is the scattering of the proton from the whole nucleus. The p+C
total inelastic cross section was measured in several experiments [39–43], however in the
most of the cases σquasi was not taken into account. After correction for σquasi the mean
σinel was found to be 225.8 mb.

4.2 Trigger cross section

The NA49 trigger defines the trigger cross section σtrig calculated by the formula:

σtrig =
P

ρ · l · NA/A
, (4.3)

where ρ, l, NA and A are, respectively, the target density, target length, Avogadro number
and target atomic number. The specifications of the targets are given in Table 2.1.
The interaction probability of the incoming proton with the target is determined by the
relation:

P =
RFT − RET

Rbeam

(

1 +
RFT − RET

2Rbeam

+
RET

Rbeam

+
ρET

ρ

)

, (4.4)

where Rbeam is the beam rate defined by the beam condition and RFT and RET are
interaction rates determined by the trigger condition for full and empty target operation,
respectively, see Sect. 2.1. The additional members in the brackets appeared to correct
for the exponential beam attenuation in the target, the reduction of the beam intensity
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due to interactions upstream of the target, the reduction of the downstream interaction
probability in the full target operation and the content of the empty target – a gaseous
hydrogen in the proton target and air in carbon case. In the expression higher order
terms are neglected. The total correction amounts to 2.5% for proton target and 1.3% for
carbon target depending on target interaction length, see Table 2.1.

The carbon target has a diameter of 6 mm which makes possible beam particle to
bypass the target without hitting S4. The losses were estimated to be 3.3% of the trigger
cross section.

From the measured trigger cross section the total inelastic cross section was derived
by using Monte Carlo calculation which takes into account the inclusive distributions
of protons, kaons and pions in order to determine the loss of events due to produced
particles hitting S4 as well as the contribution from the elastic scattering. The resulting
cross sections and different components are summarized in Table 4.1.

reaction p+p p+C

σtrig 28.23 mb 210.1 mb

loss from p 3.98 mb 17.1 mb

loss from π and K 0.33 mb 2.4 mb

contribution from σel -1.08 mb -3.3 mb

predicted σinel 31.46 mb 226.3 mb

literature value 31.78 mb 225.8 mb

Table 4.1: Contribution derived by Monte Carlo calculation and determined trigger and inelastic
cross section

The systematic errors of these measurements have been estimated to be 1% and 2.5%
for p+p and p+C collisions, respectively. The extracted inelastic cross sections are in
agreement with literature values to within one percent. The total trigger loss amounts
to about 14% in p+p and 9% in p+C. This is explained by the presence of less forward
charged particles at high xF in p+C which can hit S4.

4.3 Double differential cross section

The invariant double differential cross section, given as a function of Feynman variable
xF and transverse momentum pT , is defined by the formula:

f(xF , pT ) = E(xF , pT ) · d3σ

dp3
(xF , pT ), (4.5)

where dp3 is infinitesimal volume element in three dimensional momentum space.
The cross section measurement has to be performed in the finite volume element ∆p3

and f(xF , pT ) is approximated by the measured quantity:

fmeas(xF , pT , ∆p3) = E(xF , pT , ∆p3) · σtrig

Nev
· ∆n(xF , pT , ∆p3)

∆p3
, (4.6)

where σtrig is the trigger cross section, Nev the number of events and ∆n the number of
identified pions in the bin ∆p3. The measured quantities ∆n, Nev, σtrig, ∆p3 are biased
by several effects:
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• The number of pions ∆n has to be corrected for secondary interactions of produced
particles in the target, weak decay of pions, pion absorption in the detector material,
pion produced from weakly decaying strange particles (feed-down).

• The ratio ∆n/Nev has to be determined from full and empty target measurement.

• The measured σtrig is not equal to σinel. This shows that trigger is not 100% effective
which is due to non-triggered inelastic events or triggered elastic events.

• As the cross section f has an arbitrary functional shape, the measured quantity fmeas

depends on bin width ∆p3 via E and ∆n. This requires replacing the finite volume
element ∆p3 by the infinitesimal dp3 by introducing binning correction.

These effects lead to seven corrections which are applied to the fmeas. The corrections
are discussed in more details in Sect. 4.4.

4.4 Corrections

4.4.1 Trigger bias correction

As was already mentioned the trigger is not fully effective for selection of inelastic events.
This is due to the fact that secondary produced particles can hit the anti-counter S4. In
this way only about 86% of proton-proton and 91% of proton-carbon inelastic events are
accepted. The measured cross section will be affected via the expression

fmeas ∼ σtrig ·
∆n

Nev

(4.7)

in a non-trivial way. The correction depends on event topologies. For instance, if there is a
very forward particle detected than no other particles can reach S4 by energy-momentum
conservation and the correction will be zero. On the other hand, as it has been shown that
particle production completely decouples between forward and backward hemispheres [19],
the loss in the target region will be entirely felt. A smooth transition from zero at very
forward region to maximum correction in backward region can be expected.

Detailed correction table were obtained experimentally by increasing the diameter of
the S4 counter off-line and extrapolating the observed change in cross section to surface
zero. The method relies entirely on measured quantities because generators are not reliable
at the level of precision required. The systematic error in this method is dominated by the
statistical error of the evaluation, typically a factor of three smaller than the statistical
error of the extracted data.

The resulting trigger bias correction in p+p and p+C collisions as a function of xF for
different values of pT is presented in Fig. 4.1. Indeed, the general trend is visible increasing
from forward to backward region. For small pT values a significant micro-structure in the
xF dependence appears which is reflection of hadronic two-body correlation driven by
resonance decay. The correction is bigger in p+p reaction as there are more very forward
particles than in p+C collisions which can hit S4.

4.4.2 Secondary interactions in the target

The produced particles travel through the target material where a secondary interaction
can occur. The correction for such secondary interaction in p+p was evaluated using the
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Figure 4.1: Trigger bias correction as a function of xF at two pT values: 0.1 GeV/c (full circles)
and 0.8 GeV/c (open circles) for a) π+ and b) π− in p+p reaction, and c) π+ and d) π− in p+C
reaction

PYTHIA event generator [44], assuming that all daughter particles from these secondary
interactions are reconstructed at the primary vertex. As in this secondary interaction
pions do not only vanish but also other pions are produced, the correction factors are
bigger than 1 in the high xF region and smaller than 1 in the low xF region where
pion production dominates. Correction for secondary interactions in the target in p+p
collisions is shown in Fig. 4.2. In the case of p+C interaction the correction was estimated,
by scaling down p+p correction proportional to the target interaction length, see Table 2.1.

4.4.3 Absorption correction

The absorption of pions in the detector material is studied by using GEANT simulation
of the NA49 detector. The correction is determined assuming that all primary pions un-
dergoing hadronic interaction before detection are lost. Even with this assumption which
simplifies the analysis and given the small value of the correction itself, an introduced
systematic error is small. The detector absorption correction as a function of xF for two
pT values is shown in Fig. 4.3. At low pT the xF dependence exhibits a multiple maxima
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which corresponds to the positions of the ceramic supported tubes of the TPC field cages,
see Sect.2.4.4. The correction is equal for positive and negative pions as well as for the
p+p and p+C interactions.

4.4.4 Empty target correction

The particle yields (∼ ∆n/Nev) can be measured by determining yields for full and empty
target conditions using formula:

(

∆n

Nev

)FT-ET

=
1

1 − ǫ

(

(

∆n

Nev

)FT

− ǫ

(

∆n

Nev

)ET
)

, (4.8)

where ǫ = RET/RFT.
Such a method of yield (cross section) evaluation would require a large enough sample

of empty target events to comply with statistical precision of the full target data. In
addition to this, as empty target rate RET is much smaller than full target rate RFT,
there would be identification problems in the regions of low particle production where
fits of the energy loss distribution becomes critical anyway. Taking into account these
constraints and the relatively small data samples taken with empty target conditions, a
more efficient way of normalization was used. With suitable off-line event cuts, described
in Sect.3.1.1, the empty/full target event ratio was decreased to 9% in p+p and 16% in
p+C. In fact the contribution from empty target events to the track numbers is about
twice smaller due to the larger content of empty events (“zero prong”). These makes
possible to extract cross section of the full target sample alone and treat the empty target
contribution as a small correction. The detailed studies have shown that this correction
is the same for π+ and π− and there is no measurable pT dependence in both interactions.
The xF dependence of the correction, defined as the ratio of the derived yields with proper
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full-empty target subtraction, using Eq. 4.8, and the one measured from full target data
only is presented in Fig. 4.4. The correction size in the case of p+p interactions is at the
level of 4% and varies less than 1% with xF while in the p+C case it decreases from 4%
to 1% in the forward region.

4.4.5 Pion weak decays

The pions can decay via the weak channel π → µ + νµ. Due to the sizable decay length
only a small fraction of the pions will decay on their way through the detector, reaching
a maximum of 4.2% at the lowest accepted plab = 0.5 GeV/c. Fortunately, most of these
decays will not cause track loss or particle misidentification, as the dip angle of the muon
track, which is most critical for its reconstruction at the primary vertex, deviates less
than 1% from the pion direction at the lowest energy, and the muon taken on average
about 80% of the pion momentum. The muons from decay produced before the VTPC1
in the field-free region will be reconstructed at the vertex. The same applies to decays
downstream of the VTPC2. The only contribution to the correction will come from decays
inside the magnetic field before the primary track has left the 30 points for the dE/dx
analysis and the secondary track escapes reconstruction. The tracking inefficiency for this
sample, which amounts to 1.5% at xF = 0 and pT = 0, is determined to be 20%±10%,
by regarding fraction of tracks with less than 30 points in this momentum range. An
extensive eye-scans confirmed that most of this short tracks are caused by secondary
hadronic interactions and kaon decay but not pion decay. The resulting correction is
shown in Fig. 4.5 which decrease rapidly with increasing laboratory momentum.
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Figure 4.5: Pion decay correction

Concerning particle identification the muon energy losses would be shifted upward with
about one standard deviation from the pion position. This small shift will be absorbed
in the following fit of the pion peak position and width in each bin.
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4.4.6 Feed-down correction

Feed-down is the fraction of particles which are produced via weak decays of the strange
particles. Sources for the pion feed-down are: K0

s, Λ and Σ+ for π+ and K0
s, Λ and Σ−

for π−.
In principle it may be a matter of discussion whether the feed-down pions should

be subtracted or not into the yield. None of the previous experiments has attempted a
feed-down correction, neither bubble chamber experiments nor counter experiments. In
fact, in the bubble chambers most of the decay product would not be detected due to
small detector size and too long decay lengths. In the counter experiments the situation
is less clear as the detectors are long enough to see a sizable fraction of decay products.
Nevertheless, as the feed-down is concentrated at low xF and low pT , these experiments
are save by the fact that they typically don’t have acceptance in these regions.

As NA49 fully covers low xF and low pT regions, a complete feed-down correction has
been performed regarding all possible sources mentioned above.

The correction determination proceeds in three steps. First, the double differential
distributions of parents has been obtained using the existing data. Second, using a Monte
Carlo calculation the parent particles are consecutively generated, according their distri-
butions, and decayed obtaining in this way the yields of the daughter particles in the
xF /pT bin of the experiment. Third, the produced distributions are folded with recon-
struction efficiency which is derived from a full GEANT simulation of the NA49 detector
using a complete generated events containing the strange hadrons.

The distributions of the parent particles as a function of xF and integrated over pT

are presented in Fig. 4.6. The corresponding pT distribution are extracted for K0
s from
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averaged charged kaon data and for Λ from combined set of bubble chambers, NA49 and
ISR [46–49].

The average reconstruction efficiency reaches level of up to 50% in the low xF regions
where the feed-down correction is substantial. It is rather independent of pT but shows
a strong variation with the azimuthal angle which leads to to the restriction of the φ
window in the bins even the vertex tracks have full acceptance.

The knowledge of the parent distribution is very limited thus this is the main source
of the systematic uncertainty. In the case of p+C interactions there is no available mea-
surements. The corresponding yields have therefore been determined from the NA49 data
directly using the following yield ratios with respect to p+p interactions:

• The K0
S yield is extracted from (K+ + K−)/2 as a function of xF and pT . The

measured ratio is extrapolated into the backward hemisphere using a two-component
superposition picture [17] as shown in Fig. 4.7a for the pT integrated ratio. As
the kaon yields do not suffer from isospin effects [17] this extrapolation is straight-
forward concerning the target contribution which corresponds to the average number
of 1.7 target nucleons hit by the projectile.

• The evolution of Λ and Λ̄ yields relative to p+p is obtained from p+π− and p+π+

mass distributions exploiting the event mixing technique described in [83] and using
vertex tracks both for the baryon and for the meson involved. The resulting pT

integrated yield ratios are shown in Figs. 4.7b,c. For the extrapolation into the
backward hemisphere the two-component superposition picture is again used. No
isospin effects are present in this extrapolation.

The yield ratios for Σ± are derived from the Λ parametrization using the Σ/Λ ratios
from p+p in the projectile hemisphere. In the target fragmentation region the expected
isospin effects are taken into account. The on-vertex reconstruction efficiency for the
daughter pions is obtained by using two-dimensional acceptance tables established from
a full GEANT simulation of the NA49 detector.

The resulting feed-down correction as a function of xF for several pT values is shown in
Fig. 4.8. In the two top panels the feed-down correction in p+p is presented and in the two
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bottom panels the feed-down correction in p+C is shown. The correction exhibits very
complex structure in xF and pT reaching sizable values in the low pT and extends rather
up in xF . In both reactions the feed-down for π− is larger than for π+ corresponding
to dominant Λ component over the Λ (see Fig. 4.6) concentrated in the low pT and low
xF region. The correction is very similar for p+p and p+C reaction. In the backward
region in p+C interaction it keeps growing up and reaches maximum in small negative
xF values. The size of the correction shows that one has to take great care in comparing
experiments with undefined feed-down treatment in these areas.
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Figure 4.8: Feed-down correction as a function of xF for different pT values for a)π+ in p+p,
b)π− in p+p, c)π+ in p+C and d)π− in p+C

4.4.7 Binning correction

The invariant cross section from Eq. 4.5 is defined for the infinitesimal volume dp3. By
necessity the measurement has to be performed in the finite volume element ∆p3. There-
fore the extracted yield is integral of the particle density over the phase space element
∆p3. Following from the cylindrical symmetry of the interactions the density function is
flat against the azimuthal angle φ and no binning effects are present. Thus the problem
reduces to a determination of the binning correction as a function of xF and pT .

Let’s measure density function ρ(t) over the variable t. If we denote the bin width
with ∆ and the bin center with t0 than the measured value is:
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ρmeas(t0) =
1

∆

∫ t0+∆/2

t0−∆/2

ρ(t)dt (4.9)

After making the Taylor expansion of the function ρ(t) at point t0 up to the second
order terms

ρ(t) ≈ ρ(t0) + ρ′(t0)(t − t0) + ρ′′(t0)
(t − t0)2

2
(4.10)

and substituting it in the Eq. 4.9 we obtain for the ρmeas(t0) the following approximation:

ρmeas(t0) ≈ ρ(t0) +
1

24
ρ′′(t0)∆

2. (4.11)

Here ρ(t0) is the real density value at t0. Hence the binning correction can be defined as
the difference between the real density value and the measured one which is proportional
to the second derivative and the square of the bin width. This approximation holds if the
difference does not exceed a few percent.

In this approximation the second derivative can be determined from the neighbouring
data points:

ρ′′(t0) ≈
((

∆1ρ(t2) + ∆2ρ(t1)

∆1 + ∆2

)

− ρ(t0)

)

2

∆1∆2
. (4.12)

The definition of the variables is sketched in Fig. 4.9 as ρi ≡ ρ(ti) with i = 0,1,2.

t

ρ

1
ρ

0
ρ

2
ρ

1t 0t 2t

1∆ 2∆

∆

Figure 4.9: Definition of measured variables used in Eqs. 4.9 and 4.12

The generalization of the method for the two independent variables is straightforward
as the total correction is the sum of the pT and xF corrections.

The systematic uncertainty introduced by this correction is defined by the error of
the neighbouring points. It amounts of about 10 times less than the statistical error
of the points themselves. The direct application of the correction makes it model or
parametrization independent.
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Figure 4.10: Binning correction in p+C in a) xF and b) pT . Full circles represent the correction
for a fixed bin sizes of ∆xF = 0.02 and ∆pT = 0.1 GeV/c, respectively and open circles the
correction with actual bin sizes used

The resulting correction reaches up to 5%. In Fig. 4.10 is shown an example of bin-
ning correction in p+C. The correction is very similar in both reaction p+p and p+C
because the density distributions don’t differ much. The remaining systematic error from
neglecting the higher order terms is below 0.5% as verified by Monte Carlo.

4.5 Systematic errors

The main source of systematic uncertainty of the cross section is the overall normalization.
In addition to this the corrections regarded in the previous sections introduce systematic
errors which are estimated allowing appropriate error bands for the underlying physics
inputs. The corresponding systematic errors are given in Table 4.2. The upper limit of

Reaction p+p p+C

Normalization 1.5% 2.5%

Tracking efficiency 0.5% 0.5%

Trigger bias 0.5% 1%

Feed-down 0.5-1.5% 1-2.5%

Detector absorption
Pion decay π → µ + νµ 0.5% 0.5%

Secondary interactions in the target

Binning 0.3% 0.5%

Total(upper limit) 4.8% 7.5%

Total(quadratic sum) 2.0% 3.8%

Table 4.2: Systematic errors
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Figure 4.11: Distribution of the corrections in p+p reaction for a) secondary interactions in the
target, b) trigger bias, c) absorption in the detector material, d) pion decay, e) empty target
contribution, f) feed-down, g) binning and h) total
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4.8% and 7.5% for p+p and p+C, respectively, can be claimed, obtained by summing up
all contributions.

It should be noted that in high xF region and in the backward hemisphere in p+C
additional systematic uncertainties have to be added. In high xF region a certain assump-
tion about K/π and e/π ratios have to be made for realistic particle identification which
introduce uncertainty between 1 and 3%. In the backward bins in p+C, where the reflec-
tion method was used, a systematic uncertainty is between 1 and 3%. This uncertainty
is due mostly on the forward-backward correction factor for the protons and kaons and it
increases for the more negative xF with increasing of the proton content.

Further information on the different corrections in p+p and p+C reactions is given
in Figures 4.11 and 4.12, respectively, where in each panel the distribution of single
corrections and the resulting total correction for the all data points is presented. In both
reactions appear that individual corrections compensate to a large extent and the resulting
total correction reaches 10% only in few cases.



Chapter 5

Double differential invariant
distributions

In this chapter the double differential invariant cross sections for charged pion are pre-
sented. The cross section has been extracted following dE/dx fitting and correction
procedures described in preceding chapters. The data are given numerically in tables.
The measured data points together with interpolation curves are presented in pT dis-
tribution at fixed xF , in xF distributions at fixed pT , and in corresponding π+/π− ratio
distributions. A comparison with existing measurements at the SPS energy range is made.

5.1 Data tables and interpolation

The double differential invariant cross section for charged pion production in p+p and
p+C collisions as a function of xF and pT following the binning schemes defined in Sect. 3.2
are given in the tables below. The measured values together with the corresponding errors
for π+ in p+p are summarized in Table 5.1, for π− in p+p in Table 5.2, for π+ in p+C in
Table 5.4, for π− in p+C in Table 5.4.

In p+p reaction data cover the xF region between 0 and 0.55 for all pT up to 2 GeV/c.
The measurement for π− is extended up to xF = 0.85 which is possible because of the
rapidly decreasing ratio (K−+p)/π− in the forward region. This ratio has been determined
from the previous measurements [20] and [21]. A similar extraction of the π+ cross section
in this region can not be made due to the dominant proton component.

The measurement in p+C was extended as much as possible in the backward hemi-
sphere in order to study the target fragmentation region. The data cover xF range between
-0.1 and 0.5 and pT range between 0 and 1.8 GeV/c.

Although the bins were chosen in such a way that bin centers correspond to well defined
xf and pT values, it is desirable to have an internal extension of the data in non-measurable
intermediate values which can be used for comparison with other experiments. For this
purpose the interpolation scheme which produces smooth overall xF and pT dependences
was developed. Such a numerical interpolation faces the problem that the dense phase
space coverage and small statistical errors of the data reveals a complex micro-structures
in both xF and pT distributions which makes practically impossible to describe data with
analytical expressions. For this reason a multistep interpolation method is selected which
relies on local continuity of the cross section in both xF and pT . This interpolation
complies with statistical accuracy of the data points, as demonstrated in Fig. 5.1.
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f(xF , pT ) ∆f

pT \xF 0.0 0.01 0.02 0.025 0.03 0.04 0.05 0.06 0.07
0.05 62.87 0.61 62.79 0.66 59.44 0.65 51.53 0.63 43.29 0.63 37.64 0.75 32.64 0.86 29.78 0.98
0.1 59.66 0.58 58.91 0.62 54.55 0.48 51.49 0.54 45.19 0.54 41.09 0.63 36.46 0.73 32.92 0.81
0.15 51.20 0.55 50.87 0.58 47.98 0.55 45.66 0.58 42.21 0.48 39.68 0.54 36.39 0.59 34.55 0.67
0.2 41.42 0.65 40.78 0.49 39.58 0.51 37.37 0.56 35.33 0.54 33.69 0.50 31.49 0.58 29.16 0.63
0.25 32.00 0.57 31.93 0.53 30.47 0.55 29.47 0.61 27.77 0.53 26.54 0.60 25.04 0.68 23.80 0.63
0.3 24.11 0.49 23.89 0.62 23.03 0.60 22.00 0.67 21.35 0.69 20.37 0.62 19.44 0.71 18.71 0.68
0.4 13.20 0.57 13.21 0.57 12.76 0.58 12.11 0.61 11.56 0.43
0.5 7.212 0.77 7.297 0.78 7.046 0.80 6.690 0.85 6.423 0.59
0.6 4.102 1.02 3.920 1.07 3.923 1.06 3.723 1.11 3.585 0.77
0.7 2.219 1.41 2.233 1.40 2.170 1.43 2.027 1.52 2.007 1.01
0.8 1.213 1.86 1.259 1.87 1.183 1.89 1.148 1.94 1.156 1.30
0.9 0.689 2.49 0.681 2.51 0.702 2.43 0.692 2.47 0.652 1.96
1.0 0.386 3.31 0.397 3.22 0.383 3.33 0.383 3.32 0.379 2.54
1.1 0.248 2.60 0.236 3.48 0.223 3.35
1.2 0.136 3.54 0.135 4.57 0.120 4.32
1.3 0.0797 4.56 0.0750 6.07 0.0729 5.55
1.4 0.0482 5.99 0.0448 8.04 0.0443 6.97
1.5 0.0296 7.61 0.0277 9.96 0.0302 8.45
1.7 0.0122 6.14 0.0115 6.76
1.9 0.00406 10.2 0.00373 11.9
2.1 0.00172 15.4 0.00149 18.8

pT \xF 0.075 0.08 0.1 0.12 0.15 0.2 0.25 0.3 0.35
0.05 27.71 1.07 24.05 0.92 22.01 1.04 19.13 0.92 17.35 1.08 15.80 1.57 11.80 2.06 7.690 2.75
0.1 29.30 0.91 25.11 0.77 22.98 0.89 20.40 0.78 16.72 0.93 14.59 1.35 11.23 1.81 6.811 2.11
0.15 30.72 0.75 26.17 0.63 23.42 0.75 20.15 0.65 16.16 0.78 12.87 1.16 9.319 1.68 5.970 1.82
0.2 27.80 0.67 24.38 0.59 21.57 0.67 18.40 0.59 13.64 0.73 10.84 1.10 7.535 1.57 5.169 1.67
0.25 22.94 0.66 20.16 0.59 18.06 0.67 15.33 0.57 11.59 0.71 8.601 1.17 6.478 1.55 4.354 1.62
0.3 18.18 0.71 16.19 0.60 14.57 0.67 12.59 0.58 9.413 0.72 7.164 1.14 5.146 1.57 3.659 1.61
0.4 10.89 0.35 10.00 0.42 8.047 0.40 6.189 0.61 4.754 0.85 3.514 1.16 2.590 1.18
0.5 6.033 0.62 5.749 0.50 5.026 0.46 4.040 0.68 3.204 0.93 2.367 1.25 1.812 1.28
0.6 3.356 0.79 3.186 0.64 2.874 0.65 2.561 0.77 2.071 1.06 1.681 1.38 1.313 1.38
0.7 1.924 1.11 1.770 1.02 1.623 0.83 1.452 1.02 1.272 1.25 1.006 1.63 0.863 1.58
0.8 1.082 1.38 1.027 1.45 0.905 1.04 0.806 1.29 0.697 1.58 0.608 1.98 0.490 1.96
0.9 0.607 1.93 0.576 2.03 0.516 1.35 0.471 1.63 0.398 2.01 0.304 2.64 0.281 2.47
1.0 0.368 2.62 0.356 2.40 0.298 1.71 0.252 2.14 0.219 2.56 0.181 3.27 0.158 3.14
1.1 0.219 3.42 0.203 3.67 0.176 2.41 0.155 2.72 0.130 3.18 0.113 3.98 0.0802 4.16
1.2 0.128 4.17 0.125 4.27 0.106 3.36 0.0876 3.49 0.0739 4.11 0.0555 5.46 0.0497 5.09
1.3 0.0734 5.67 0.0701 6.07 0.0653 4.54 0.0530 4.47 0.0482 5.16 0.0405 6.20 0.0274 6.74
1.4 0.0473 6.58 0.0416 7.65 0.0405 5.59 0.0295 7.45 0.0246 6.72 0.0234 7.92 0.0169 8.28
1.5 0.0266 9.20 0.0290 9.23 0.0258 7.49 0.0204 7.79 0.0179 9.45 0.0138 4.93 0.0110 7.01
1.7 0.00981 7.56 0.0114 7.78 0.00720 9.78 0.00615 10.5 0.00527 7.69 0.00448 10.5
1.9 0.00339 12.7 0.00374 13.9 0.00323 13.7 0.00273 10.3 0.00209 17.7
2.1 0.00215 17.3 0.00151 22.6 0.00110 24.5

pT \xF 0.45 0.55
0.05 3.720 3.18
0.1 3.734 2.23
0.15 3.266 1.94
0.2 2.812 1.82 1.683 2.32
0.25 2.435 1.75
0.3 1.970 1.79 1.198 2.18
0.4 1.388 1.29 0.853 3.58
0.5 0.949 1.37 0.538 3.94
0.6 0.660 1.49 0.349 4.59
0.7 0.482 1.67 0.227 5.29
0.8 0.305 1.98 0.148 6.20
0.9 0.188 2.39 0.0956 7.24
1.0 0.101 3.10 0.0592 8.74
1.1 0.0514 4.07 0.0326 7.89
1.2 0.0290 5.27
1.3 0.0189 6.38 0.00724 15.1
1.4 0.0116 7.74
1.5 0.00612 8.78 0.00214 26.7
1.7 0.00315 11.8

Table 5.1: Double differential invariant cross section f(xF , pT ) [mb/(GeV2/c3)] for π+ produced
in p+p interactions at 158 GeV/c. The statistical uncertainty ∆f is given in %
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f(xF , pT ) ∆f

pT \xF 0.0 0.01 0.02 0.025 0.03 0.04 0.05 0.06 0.07
0.05 59.19 0.52 55.36 0.57 49.58 0.69 41.35 0.70 35.72 0.67 30.52 0.81 26.76 0.93 23.79 1.05
0.1 54.40 0.48 52.21 0.52 47.69 0.49 41.32 0.57 35.95 0.59 31.55 0.71 27.53 0.81 24.76 0.91
0.15 46.74 0.47 45.73 0.48 41.85 0.57 37.78 0.63 34.21 0.51 30.42 0.61 27.50 0.68 24.47 0.77
0.2 37.85 0.53 36.91 0.51 34.65 0.55 31.96 0.62 29.26 0.57 26.45 0.55 24.03 0.65 22.16 0.71
0.25 29.00 0.59 28.74 0.55 26.68 0.59 25.41 0.66 23.56 0.58 21.70 0.68 19.90 0.74 18.51 0.69
0.3 22.02 0.68 22.25 0.67 20.62 0.67 19.51 0.70 18.26 0.75 16.87 0.69 15.98 0.79 14.91 0.71
0.4 12.28 0.61 12.05 0.62 11.63 0.55 10.75 0.59 10.05 0.45
0.5 6.673 0.80 6.371 0.83 6.296 0.84 5.946 0.91 5.697 0.63
0.6 3.498 1.10 3.542 1.11 3.507 1.12 3.261 1.20 3.147 0.81
0.7 2.016 1.44 1.959 1.47 1.893 1.51 1.852 1.55 1.705 1.06
0.8 1.098 1.95 1.089 1.96 1.101 1.94 1.049 2.03 0.982 1.41
0.9 0.641 2.51 0.616 2.59 0.622 2.57 0.570 2.80 0.567 2.08
1.0 0.346 3.37 0.372 3.43 0.341 3.43 0.336 3.48 0.318 2.68
1.1 0.209 3.09 0.215 3.64 0.190 3.35
1.2 0.122 3.67 0.117 4.91 0.111 4.52
1.3 0.0784 4.64 0.0686 6.49 0.0597 6.04
1.4 0.0469 5.91 0.0411 8.23 0.0372 7.76
1.5 0.0242 8.33 0.0262 10.5 0.0232 9.59
1.7 0.0102 6.25 0.00785 8.09
1.9 0.00399 10.3 0.00344 12.2
2.1 0.00124 27.4 0.00162 17.7

pT \xF 0.075 0.08 0.1 0.12 0.15 0.2 0.25 0.3 0.35
0.05 21.27 1.19 17.41 1.04 14.35 1.26 11.31 1.16 7.564 1.55 6.064 2.36 4.669 3.32 3.007 4.44
0.1 21.39 1.06 17.17 0.90 14.49 1.08 11.40 1.02 7.652 1.33 5.802 1.97 4.429 2.94 2.964 3.17
0.15 21.66 0.87 17.62 0.78 14.45 0.96 11.23 0.84 7.367 1.11 5.539 1.63 3.971 2.51 2.712 2.66
0.2 20.30 0.79 16.41 0.71 13.62 0.87 10.63 0.76 6.743 1.00 4.839 1.51 3.453 2.30 2.191 2.57
0.25 17.28 0.80 14.32 0.67 12.03 0.81 9.195 0.73 5.986 0.95 4.334 1.52 2.872 2.31 2.152 2.30
0.3 13.89 0.77 12.27 0.70 10.08 0.75 8.226 0.71 5.279 0.92 3.795 1.47 2.538 2.21 1.689 2.37
0.4 8.853 0.39 7.674 0.48 5.567 0.48 3.892 0.76 2.741 1.06 1.914 1.57 1.286 1.66
0.5 5.069 0.67 4.524 0.57 3.485 0.54 2.646 0.83 1.908 1.14 1.366 1.66 0.927 1.75
0.6 2.849 0.86 2.564 0.71 2.133 0.75 1.670 0.96 1.258 1.28 0.958 1.82 0.676 1.89
0.7 1.616 1.19 1.492 1.15 1.225 0.92 1.010 1.20 0.788 1.50 0.600 2.13 0.441 2.18
0.8 0.940 1.48 0.867 1.60 0.686 1.18 0.590 1.49 0.474 1.84 0.364 2.55 0.265 2.63
0.9 0.529 2.02 0.472 2.25 0.401 1.48 0.328 1.90 0.270 2.29 0.226 3.07 0.165 3.15
1.0 0.307 2.79 0.264 2.81 0.234 1.88 0.181 2.45 0.159 2.86 0.133 3.80 0.0971 3.89
1.1 0.181 3.53 0.174 3.68 0.139 2.69 0.115 2.99 0.0880 3.71 0.0779 4.77 0.0553 4.90
1.2 0.0982 5.38 0.105 5.10 0.0803 3.65 0.0680 3.78 0.0514 4.67 0.0421 6.38 0.0332 6.14
1.3 0.0582 6.39 0.0606 6.51 0.0499 4.99 0.0401 4.80 0.0332 5.63 0.0247 7.93 0.0187 7.93
1.4 0.0329 8.41 0.0420 7.67 0.0320 6.09 0.0225 7.27 0.0186 7.35 0.0136 10.7
1.5 0.0212 10.5 0.0201 11.1 0.0196 8.76 0.0131 9.13 0.0137 10.5 0.00879 6.22 0.00676 6.13
1.7 0.00868 8.05 0.00885 8.78 0.00488 11.1 0.00466 11.2 0.00338 9.64 0.00276 9.43
1.9 0.00254 14.6 0.00255 16.5 0.00197 17.0 0.00114 16.5
2.1 0.00071 30.9 0.00101 23.3

pT \xF 0.45 0.55 0.65 0.75 0.85
0.05 1.418 5.09
0.1 1.494 3.52 0.528 5.91 0.221 7.4 0.0588 15.8 0.0259 25.0
0.15 1.300 3.07
0.2 1.191 2.79 0.550 4.20
0.25 0.978 2.71
0.3 0.875 2.28 0.432 3.90 0.149 5.1 0.0409 10.6 0.0111 21.8
0.4 0.637 2.30 0.267 4.23
0.5 0.429 2.49 0.194 4.46 0.0582 6.3 0.0199 11.5 0.00421 26.7
0.6 0.305 2.68 0.133 4.88
0.7 0.211 2.99 0.0821 5.73 0.0282 7.9 0.00742 16.0 0.00236 30.0
0.8 0.135 3.55 0.0627 6.15
0.9 0.0840 4.22 0.0345 7.78 0.0142 9.5 0.00250 24.3 0.00116 37.6
1.0 0.0524 5.34 0.0185 10.1
1.1 0.0315 5.41 0.0126 8.19 0.00517 14.3 0.00185 25.8 0.00014 100
1.3 0.0103 6.39 0.00463 12.6 0.00161 23.5 0.00074 37.3 0.00012 100
1.5 0.00439 8.92 0.00104 24.9 0.00048 41.7 0.00019 68.4
1.7 0.00127 17.6 0.00052 33.2 0.00014 71.4

Table 5.2: Double differential invariant cross section f(xF , pT ) [mb/(GeV2/c3)] for π− produced
in p+p interactions at 158 GeV/c. The statistical uncertainty ∆f is given in %
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f(xF , pT ), ∆f
pT \xF -0.1 -0.075 -0.05 -0.04 -0.03 -0.025 -0.02 -0.01 0.0
0.05 589.8 2.41 616.9 2.50 652.3 1.59
0.1 584.0 2.62 611.0 1.77 587.3 1.59 581.7 1.68
0.15 445.2 2.80 488.4 1.89 509.8 1.81 502.0 1.66 508.2 1.55
0.2 353.4 2.99 365.7 2.70 385.2 1.93 403.2 1.85 382.1 1.77 411.9 1.65
0.25 268.6 3.20 284.5 2.55 308.2 2.28 287.1 2.14 300.3 1.97 302.2 1.89
0.3 172.2 2.43 214.8 3.82 197.6 3.34 225.8 2.64 222.9 2.37 216.7 2.23 228.4 2.12
0.4 86.5 3.32 106.4 3.33 121.2 3.10 117.8 2.80 118.1 2.41 117.0 2.24 116.9 2.24 121.0 1.81
0.5 53.0 4.63 56.6 4.00 66.6 4.06 65.4 3.69 63.6 3.41 63.0 2.57 71.9 2.38 68.0 2.43
0.6 32.7 5.14 29.7 5.46 35.3 5.54 34.1 3.66 36.7 3.41 37.1 3.31 36.8 3.28 36.6 3.32
0.7 18.3 6.82 19.6 6.43 21.9 5.03 19.30 4.78 20.13 4.59 22.73 4.26 20.11 4.49 21.28 4.28
0.8 11.76 7.85 11.22 7.91 11.39 4.46 11.61 3.82 13.35 3.53
0.9 6.65 9.43 5.91 7.49 6.97 5.71 6.72 4.95 7.43 4.52
1.0 3.92 8.52 3.79 8.19 4.16 6.91 4.43 6.03 4.17 6.42
1.2 1.19 10.5 1.59 9.19 1.80 7.44 1.62 6.91 1.285 7.73
1.4 0.545 10.0 0.530 8.5 0.541 8.47
1.6 0.244 15.3 0.226 13.3 0.275 12.0
1.8 0.096 21.3 0.065 24.7 0.107 18.8

pT \xF 0.01 0.02 0.025 0.03 0.04 0.05 0.06 0.075 0.1
0.05 620.4 1.75 555.9 2.03 432.9 2.10 390.7 2.01 334.4 2.41 293.4 2.81 249.6 2.34 186.3 2.76
0.1 561.5 1.62 515.0 1.51 451.6 1.69 401.9 1.74 353.7 2.04 311.8 2.39 249.7 2.10 195.6 2.45
0.15 488.0 1.52 451.4 1.59 407.1 1.87 360.3 1.51 324.8 1.76 287.8 2.07 247.8 1.69 197.1 2.03
0.2 377.0 1.62 373.1 1.58 322.5 1.89 300.2 1.74 276.8 1.66 254.2 1.91 222.0 1.59 180.0 1.85
0.25 303.3 1.73 276.3 1.73 263.0 1.90 237.6 1.83 224.7 1.94 211.0 2.19 188.8 1.52 157.5 1.69
0.3 222.1 1.97 209.5 1.98 199.6 2.07 185.9 2.34 174.1 2.13 172.3 2.29 152.1 1.59 127.5 1.76
0.4 122.2 1.79 119.6 1.75 109.7 1.90 98.3 1.39 91.0 1.34 79.4 1.39
0.5 69.8 2.42 64.5 2.54 65.2 2.61 57.4 1.89 53.2 2.01 48.73 1.62
0.6 38.0 3.25 36.8 3.34 35.7 3.44 32.88 2.39 29.98 2.56 28.95 1.98
0.7 21.10 4.28 20.32 4.43 19.74 4.56 19.31 3.06 18.06 3.40 16.10 2.30
0.8 11.28 3.72 12.03 3.84 11.09 4.17 9.69 3.15
0.9 6.82 4.89 5.57 6.32 6.28 5.61 5.61 4.30
1.0 4.30 6.19 3.61 7.93 3.50 8.18 3.45 5.43
1.2 1.228 7.83 1.48 8.21 1.33 8.96 1.220 6.85
1.4 0.512 9.62 0.479 10.8
1.6 0.223 14.3 0.225 15.4
1.8 0.062 32.4 0.113 19.2

pT \xF 0.125 0.15 0.2 0.25 0.3 0.4 0.5
0.05 165.1 3.39 140.3 3.11 111.4 3.59 96.9 4.47 77.8 5.33 39.6 7.63
0.1 160.5 3.00 147.9 2.69 103.1 3.26 83.7 3.26 63.5 5.38 36.7 5.56 20.5 8.14
0.15 161.6 2.48 131.2 2.36 104.3 2.80
0.2 146.8 2.28 124.3 2.16 86.0 2.58 62.4 2.76 45.1 4.36 25.4 4.61 14.54 6.79
0.25 130.8 2.04 108.7 1.99 72.9 2.52
0.3 104.7 2.16 90.2 2.00 67.8 2.38 46.1 2.79 30.9 4.32 17.19 4.53 9.73 6.74
0.4 68.7 1.64 62.34 1.50 45.50 2.06 33.00 2.84 23.63 4.21 12.21 4.61 6.98 6.93
0.5 41.95 1.95 39.51 1.68 29.98 2.28 22.82 3.11 14.82 4.76 9.29 4.73 3.21 9.15
0.6 24.95 2.29 23.46 2.35 18.43 2.62 16.02 3.29 11.81 4.84 5.86 5.67 2.85 8.76
0.7 13.76 2.55 10.88 3.44
0.8 8.33 3.17 6.72 4.28 6.30 3.32 4.51 4.87 2.56 5.18 1.49 7.43
0.9 4.55 4.07 4.28 4.97
1.0 2.95 4.87 2.43 6.37 2.11 5.14 1.52 7.57 0.812 8.23 0.496 11.6
1.2 0.992 6.32 0.936 6.68 0.639 8.72 0.585 11.4 0.313 12.0 0.190 17.4
1.4 0.358 8.33 0.268 11.2 0.136 17.2 0.078 25.3
1.6 0.187 11.4 0.093 18.0 0.036 32.0
1.8 0.059 23.6

Table 5.3: Double differential invariant cross section f(xF , pT )[mb/(GeV2/c3)] for π+ in p+C
interaction at 158 GeV/c. The statistical uncertainty is given in %
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f(xF , pT ), ∆f
pT \xF -0.1 -0.075 -0.05 -0.04 -0.03 -0.025 -0.02 -0.01 0.0
0.05 541.6 2.35 646.3 2.19 602.6 1.57
0.1 525.3 2.11 595.9 1.74 601.7 1.48 579.8 1.43
0.15 426.5 2.81 481.8 1.88 511.6 1.69 469.1 1.60 498.6 1.39
0.2 345.9 3.01 364.0 2.74 372.4 1.97 373.7 1.80 374.9 1.68 367.2 1.66
0.25 250.1 3.30 275.0 2.53 294.5 2.00 289.2 1.96 285.9 1.91 296.1 1.78
0.3 160.4 1.77 194.6 3.50 197.4 2.89 215.5 2.34 217.1 2.22 210.9 2.18 214.0 2.06
0.4 86.2 3.33 103.3 2.58 112.8 2.75 115.3 2.49 115.2 2.09 110.7 2.17 118.6 2.03 125.7 1.75
0.5 52.8 3.62 55.8 3.24 64.6 3.53 63.0 3.29 63.3 2.80 64.7 2.54 63.5 3.03 64.4 2.50
0.6 31.2 3.99 31.7 4.10 32.7 4.91 35.5 3.61 36.6 3.43 34.2 3.47 35.5 3.35 32.1 3.51
0.7 18.5 5.01 19.4 5.14 19.0 5.45 19.31 4.79 20.88 4.44 20.31 4.44 20.02 4.42 20.30 4.48
0.8 10.64 6.32 10.38 6.41 11.76 4.68 11.74 3.77 11.12 3.81
0.9 5.98 7.84 6.63 7.38 6.64 5.63 6.66 4.98 6.72 4.95
1.0 3.84 8.72 3.83 8.14 3.79 7.56 4.21 6.32 3.78 6.43
1.2 1.29 10.2 1.46 9.30 1.26 8.87 1.30 7.78 1.246 8.62
1.4 0.491 10.6 0.506 8.94 0.582 8.21
1.6 0.205 15.8 0.189 14.8 0.184 14.3
1.8 0.093 21.4 0.101 19.7 0.075 22.4

pT \xF 0.01 0.02 0.025 0.03 0.04 0.05 0.06 0.075 0.1
0.05 576.1 1.71 469.0 2.17 387.0 2.13 336.6 2.15 265.9 2.63 225.5 3.11 200.6 2.60 150.2 3.06
0.1 539.5 1.58 464.9 1.54 387.9 1.79 316.2 1.93 275.2 2.30 246.7 2.58 205.1 2.28 146.6 2.76
0.15 445.0 1.50 407.0 1.64 353.7 2.00 314.0 1.64 262.3 1.96 238.0 2.17 187.4 1.95 148.8 2.18
0.2 362.0 1.56 320.5 1.69 294.7 1.98 269.1 1.85 230.8 1.87 205.8 2.11 180.8 1.80 131.7 2.14
0.25 274.0 1.75 256.7 1.86 235.6 2.03 210.3 1.85 192.3 2.15 171.8 2.41 147.1 1.78 109.4 1.99
0.3 218.1 2.01 189.2 2.07 173.0 2.26 163.8 2.53 150.6 2.32 132.1 2.64 125.0 1.75 96.1 2.03
0.4 113.0 1.93 107.0 1.85 101.8 1.97 91.7 1.45 74.2 1.50 62.1 1.59
0.5 61.0 2.58 59.1 2.66 58.6 2.76 52.5 1.99 44.9 2.20 38.85 1.81
0.6 35.2 3.37 33.4 3.53 28.5 3.91 28.46 2.61 26.50 2.65 23.85 2.22
0.7 18.92 4.53 18.74 4.68 17.40 4.91 17.13 3.32 15.10 3.77 13.10 2.66
0.8 10.58 3.96 9.07 4.35 8.98 4.65 7.62 3.43
0.9 6.44 5.14 5.64 6.23 5.06 6.06 4.36 5.00
1.0 3.28 6.71 3.84 7.43 2.83 9.23 2.63 6.22
1.2 1.376 7.42 1.03 9.86 1.06 10.1 1.007 7.38
1.4 0.440 10.6 0.449 11.0
1.6 0.150 18.3 0.197 16.3
1.8 0.050 36.2 0.064 28.7

pT \xF 0.125 0.15 0.2 0.25 0.3 0.4 0.5
0.05 111.9 3.92 86.1 3.94 55.1 5.14 41.4 6.81 33.3 8.22 12.1 13.6
0.1 117.8 3.44 81.8 3.66 58.1 4.55 41.8 4.75 29.4 7.69 10.8 10.2 5.1 16.2
0.15 111.0 2.92 83.1 2.86 51.4 3.80
0.2 98.8 2.64 81.9 2.54 53.5 3.27 30.7 3.96 22.7 6.11 9.6 7.61 4.34 12.4
0.25 90.7 2.42 72.7 2.41 42.6 3.28
0.3 73.4 2.57 58.2 2.49 39.3 3.09 25.9 3.72 17.2 5.71 7.69 6.83 3.23 11.8
0.4 50.5 1.92 42.19 1.79 28.69 2.55 18.31 3.77 12.21 5.83 5.33 7.03 2.10 13.0
0.5 31.78 2.23 27.36 2.03 21.15 2.72 14.13 3.93 9.79 5.88 3.83 7.61 1.57 13.3
0.6 19.02 2.67 17.09 2.71 12.00 3.30 9.28 4.51 6.12 6.83 3.07 7.43 0.97 15.1
0.7 10.30 2.99 7.40 4.17
0.8 5.97 3.68 5.12 4.74 3.75 4.29 2.60 6.45 1.20 7.56 0.56 12.0
0.9 3.60 4.57 2.65 6.31
1.0 2.28 5.58 1.73 7.50 1.45 6.22 0.95 9.62 0.588 9.57 0.189 15.2
1.2 0.727 7.42 0.674 7.96 0.540 9.49 0.392 13.7 0.173 16.9 0.077 27.1
1.4 0.293 9.42 0.150 14.3 0.063 25.7 0.031 39.6
1.6 0.106 14.0 0.064 21.6 0.026 32.3
1.8 0.037 24.4

Table 5.4: Double differential invariant cross section f(xF , pT )[mb/(GeV2/c3)] for π− in p+C
interaction at 158 GeV/c. The statistical uncertainty is given in %
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Figure 5.1: Histogram of the difference ∆ between the measured invariant cross section and
the corresponding interpolation values (combined for π+ and π−) divided by the experimental
uncertainty ∆f for a) p+p and b) p+C

5.2 Invariant pT and xF distributions

The invariant cross sections as a function of pT at several fixed xF values are presented
in Fig. 5.2 for p+p interactions and Fig. 5.3 for p+C collisions. The lines show the
interpolated curves.

The pT distributions in both p+p and p+C reaction can not be described with sim-
ple exponential parametrization at any xF value, as the slope changes with transverse
momentum. In addition to this the structure appeared in low pT region and xF < 0.3
and in the pT region from 0.5 to 1 GeV/c for xF > 0.25. The structures in low pT re-
gion are presented in more details in the linear scale of Fig. 5.4 where a maximum at
pT = 0.15 GeV/c is found to develop in the xF region between 0.03 and 0.2 for both
reactions. This maximum is more pronounced for π+ than for π− and in p+p than in
p+C interactions.

In the next two figures the xF invariant distribution at fixed pT values are presented.
In Fig. 5.5 the xF distribution of produced pions in p+p interactions are shown start-
ing from xF = 0 up to the measuring limit of the experiment. The xF distributions of
produced pions in p+C interactions are shown in Fig. 5.6. In contrast to p+p the p+C
reaction is not forward-backward symmetric and for this reason the measurement is ex-
tended in the backward region as much as possible. The maximum of the distribution is
displaced into the backward region for all pT values which can be explained by the bigger
target component. Again structures in the distributions are found to develop for both
interactions in the low pT region. A complicated pattern is seen as the pT distribution
below 0.3 GeV/c cross each other in the xF region between 0.03 and 0.2. The cross-over
can be connected with the maxima seen in the pT distributions.
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Figure 5.2: Invariant cross section in p+p at 158 GeV/c beam momentum as a function of pT

at several fixed xF values for a) π+ and b) π−
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Figure 5.3: Invariant cross section in p+C at 158 GeV/c beam momentum as a function of pT

at several fixed xF values for a) π+ and b) π−
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Figure 5.4: Invariant pT distributions at low pT region in linear scale at several fixed xF values
for a) π+ in p+p, b) π− in p+p, c) π+ in p+C and d) π− in p+C
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Figure 5.5: Invariant cross section in p+p at 158 GeV/c beam momentum as a function of xF

at several fixed pT values for a) π+ and b) π−. The pT values are given in GeV/c
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Figure 5.6: Invariant cross section in p+C at 158 GeV/c beam momentum as a function of xF

at several fixed pT values for a) π+ and b) π−. The pT values are given in GeV/c
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5.3 π+/π− ratio

The observed differences in the invariant distributions of π+ and π− reflects in a complex
behaviour of the corresponding π+/π− ratio. The pT dependences for fixed xF values are
shown in Fig. 5.7 and 5.8 for p+p and p+C interactions, respectively.

In p+p case a very week pT dependence is found at xF < 0.15 where a local maximum
is developed at low pT which is connected to low-mass resonance decays. With increasing
xF the π+/π− ratio increases and in low pT it reaches values above 3 at xF = 0.55. Similar
increase with xF is seen in p+C collisions. The low pT maxima are also present but much
smaller. The other feature of π+/π− ratio in p+C interactions is that it tends to 1 at the
negative xF for all pT values as it is expected from the isospin symmetry of the carbon
nucleus.

The xF distributions of π+/π− ratio for fixed pT values are presented in Fig. 5.9 for
p+p and in Fig. 5.10 for p+C collisions.
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Figure 5.7: The π+/π− ratio in p+p as a function of pT for fixed xF
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Figure 5.8: The π+/π− ratio in p+p as a function of pT for fixed xF
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Figure 5.9: The π+/π− ratio in p+p as a function of xF for fixed pT . In all the plots pT values
are given in GeV/c
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Figure 5.10: The π+/π− ratio in p+C as a function of xF for fixed pT . In all the plots pT values
are given in GeV/c

5.4 Rapidity and transverse mass distributions

It is customary to obtain the double differential invariant cross section also in the phase
space of rapidity y and transverse momentum pT although these two variables are not
orthogonal in momentum space. The rapidity is defined as:

y =
1

2
ln

E + pL

E − pL

, (5.1)

where E and pL are the energy and longitudinal momentum of the particle. The rapid-
ity distributions at fixed pT are presented in Fig. 5.11 (p+p) and Fig.5.12 (p+C). The
structures observed in xF distributions are also seen here.
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Figure 5.11: Invariant cross section in p+p at 158 GeV/c beam momentum as a function of y
at several fixed pT values for a) π+ and b) π−. The pT values are given in GeV/c
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Figure 5.12: Invariant cross section in p+C at 158 GeV/c beam momentum as a function of y
at several fixed pT values for a) π+ and b) π−. The pT values are given in GeV/c
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Another frequently used variable is the transverse mass mT =
√

p2
T + m2

π. The mT −
mπ distributions at y = 0 are shown in Figs. 5.13 in p+p and 5.14 in p+C collisions.
It is often claimed that mT distribution is close to exponential with the inverse slope
parameter T as predicted for particle emission from a thermal source.

The high precision of the data allows to demonstrate that it is impossible to achieve a
satisfactory approximation using single exponent with constant T . The distributions are
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Figure 5.13: Invariant cross section in p+p as a function of mT − mπ for y = 0.0 at a) π+ and
b) π−
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Figure 5.14: Invariant cross section in p+C as a function of mT − mπ for y = 0.0 at a) π+ and
b) π−
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Figure 5.15: Local slope of the mT distribution as a function of mT − mπ in a) p+p and in b)
p+C interaction

described well when the inverse slope T is determined as a function of the transverse mass
(mT−mπ). This dependence is presented in Fig. 5.15. In both reactions a smooth variation
of T with (mT −mπ) is observed with local minimum around (mT −mπ) ⋍ 250 GeV/c2.
The variation in p+C reaction is more pronounced than in p+p one.

5.5 Comparison with other experiments

5.5.1 Comparison of π+ and π− invariant distribution

As was already mentioned in Sect.1.3, there are two preceding experiments which have
measured pion invariant cross section in p+p for identified pions at NA49 energy range.
The data from Brenner et al. [21] offer 107 data points measured at beam momenta of
100 and 175 GeV/c, the data from Johnson et al. [20] contain 241 data points at 100, 200
and 400 GeV/c beam momenta. The comparisons are presented in Fig. 5.16 and Fig. 5.17
where the interpolated NA49 data are shown as reference at those values of xF and pT

where the direct comparison is feasible.
The NA49 measurements show a very good overall agreement with data from [21]

while comparison with [20] reveals very sizable deviations with a complicated xF and pT

dependence. This situation is quantified in the statistical analysis presented in Fig. 5.18.
In Fig. 5.18a,d the distributions of the point-by-point statistical error of the cross

section difference are given. The errors have the most probable values around 6 and 4%,
respectively. The long upwards tails are reflecting the decreasing of the cross section at
high pT and/or xF . Fig. 5.18b,e show point-by-point cross section difference in percent
with respect to NA49. In Fig. 5.18c,f are shown the cross section difference divided by
the statistical error which should obey the Gaussian distribution with unity variance if
it is governed by the statistical fluctuations only. This is indeed the case for data [21]
demonstrated with the Gaussian fit in Fig. 5.18c. In fact the mean difference is less
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Figure 5.17: Comparison of the invariant cross section as a function of xF at fixed pT from
NA49 (lines) with measurements from [20] at 100, 200 and 400 GeV/c beam momentum for a)
π+ and b) π−

than 1% with an error of about 1% which is much less than the systematic errors of 2%
(NA49) and 7% ( [21]) quoted by the experiments. The agreement of the data within
purely statistical fluctuations helps to exclude the systematic effects between the two
measurements.
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Figure 5.19: Comparison of the invariant cross section as a function of xF at fixed pT from NA49
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The situation is less favourable with respect to the data [20]. Already in the direct
data comparison, Fig. 5.17, large systematic deviations are clearly visible. The difference
shown in Fig. 5.18e,f show very broad distributions as the normalized difference is off by
nearly 3 standard deviation whilst the variance is around 4 units.

Concerning the p+C interactions, the only existing data set which can be directly
compared to the NA49 results is that of Barton et al. [35]. The comparison is shown in
Fig. 5.19.

For the 10 points which overlap with the NA49 data a clear upward deviation with an
average of +25% or 3.6 standard deviations is evident. This deviation is somewhat hard
to understand as these results come from a group which has published results on p+p
interactions with the same apparatus [21] which show excellent agreement with NA49.
Also the p+p reference data obtained in the framework of [35] are internally consistent,
notwithstanding their sizable statistical errors, both with [21] and with NA49.

Nevertheless, it is possible, under the assumption that the large systematic difference
has no dependence on pT or xF , to extend the interpolation of the NA49 data towards
large xF by imposing a 25% reduction on the Barton et al. data [35]. This extension is
also indicated in Fig. 5.19 for pT = 0.3 GeV/c.

5.5.2 Comparison of π+/π− ratio

A comparison of the π+/π− ratio in p+p collisions as a function of xF between NA49
results and data from [21] and [20] is presented in Fig. 5.20 for several pT values . In
the upper four panels the π+/π− ratio measured by NA49 is compared with the ratio
measurement of [21]. As expected from the comparison of invariant cross section the
general agreement is satisfactory.
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It is however interesting to note that also data from [20] are in reasonable agreement
with NA49 results as far as the ratios are concerned, which is clearly confirmed by the
statistical analysis given in Fig. 5.21. This indicates that large systematic deviations
observed in the cross sections cancel out in the ratios.

A similar situation is found in p+C data of Barton et al. [35] where the discrepancies
in the cross sections cancel out and the π+/π− ratios are in very good agreement with the
NA49 measurement. This is shown as a function of xF in Fig. 5.22 at pT = 0.3 GeV/c.

Since the Barton [35] data extend up to xF = 0.88 at their measured transverse
momenta, one can use the consistency of the π+/π− ratio to extend the NA49 data -

Fx
0 0.2 0.4 0.6 0.8 1

- π/+ π

0

5

10

15

 = 0.3 GeV/c
T

p

NA49

Barton et al.
pp 

Figure 5.22: Comparison of π+/π− ratio as a function of xF at fixed pT from NA49 (full circles)
with measurement from [35] (open circles). The dashed line represents the p+p data
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albeit with large error bars - into the region of large xF . This shows, a sizable increase of
the charge ratio with respect to the p+p data also indicated in the Fig. 5.22.

5.5.3 Comparison of p+p data with Forward Production at ISR Energies and
Extension of Data Interpolation for π+

In the forward region for xF > 0.6 the identification of the π+ is difficult because of
the dominant proton component. There are available large sets of ISR data [50–61] in
the

√
s range from 23 to 63 GeV. As the invariant cross section in the forward region

is expected to be independent of the energy (Feynman scaling) the ISR measurements
can be used to extend the NA49 results on π+ to the same coverage as the π− data.
The π+ cross sections have been published by CHLM Collaboration at

√
s = 31, 45 and

53 GeV [51], which cover the region 0.3 < xF < 0.8 and 0.2 < pT < 2.5 GeV/c, as well
as the independent measurement at

√
s = 45 GeV [52] in the range 0.4 < xF < 0.95 and

0.35 < pT < 1.45 GeV/c. For π− only measurements at
√

s = 45 GeV [52] and a set of
data at one fixed angle [50] at

√
s = 23, 31, 45, 53 and 63 GeV are available.

The direct comparison of the ISR and NA49 data for π− in the overlapping region is
presented in Fig 5.23 showing the xF distributions at fixed pT . There is a very good agree-
ment over the complete range of measurements from [52] (Fig 5.23a) which is confirmed
by the statistical analysis in Fig. 5.24. The data from [50] are also in agreement with
NA49 results (Fig 5.23b) with the exception of the their lowest energy at

√
s = 23 GeV

which is above the NA49 data by about 25%.
The data for π+ are summarized in Fig. 5.25. The ISR data of [51] obtained at√

s = 31, 45, 53 GeV show good agreement (Fig. 5.25a) while the data of [52] from the same
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collaboration show sizable upward shifts of about 20% in the xF region where they overlap
with the NA49 measurements (Fig. 5.25b). On the other hand this internal discrepancy
vanishes at higher xF values. Therefore the combined data of [51] and [52] have been used
in order to extend the data parametrization of NA49 for π+. The agreement with data
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of [51] is confirmed by the statistical analysis presented in Fig. 5.26.
The comparison of the data over the range of

√
s from 17 to 63 GeV demonstrates

Feynman scaling to the level of a few percent both for π+ and π− at xF > 0.4.



Chapter 6

Integrated Distribution

6.1 pT Integrated Distributions

The pT integrated invariant and non-invariant yields are defined as:

dn/dxF = π/σinel ·
√

s/2 ·
∫

f/E · dp2
T

F =

∫

f · dp2
T

dn/dy = π/σinel ·
∫

f · dp2
T

(6.1)

where f = E · d3σ/dp3 is the invariant cross section. The resulting integrated quantities
are summarized in Tables 6.1 for p+p and 6.2 for p+C as a function of xF and in Table 6.3
for both reactions as a function of y. The distributions are presented in Fig. 6.1 (p+p)
and in Fig. 6.2 (p+C).

π+ π−

xF F ∆ dn/dxF ∆ 〈pT 〉 ∆ 〈p2
T 〉 ∆ F ∆ dn/dxF ∆ 〈pT 〉 ∆ 〈p2

T 〉 ∆

0.0 7.505 0.13 20.959 0.14 0.2590 0.06 0.1015 0.13 6.832 0.13 19.136 0.13 0.2579 0.06 0.1009 0.13
0.01 7.500 0.12 19.640 0.13 0.2664 0.06 0.1062 0.13 6.704 0.12 17.586 0.13 0.2659 0.06 0.1055 0.13
0.02 7.171 0.12 16.348 0.12 0.2811 0.06 0.1165 0.12 6.323 0.12 14.334 0.13 0.2838 0.06 0.1183 0.13
0.03 6.819 0.12 13.344 0.12 0.2962 0.06 0.1274 0.12 5.865 0.12 11.377 0.13 0.3018 0.06 0.1312 0.13
0.05 6.216 0.12 9.134 0.12 0.3276 0.06 0.1520 0.12 5.180 0.12 7.550 0.13 0.3357 0.06 0.1579 0.13
0.075 5.519 0.12 6.084 0.12 0.3571 0.06 0.1776 0.14 4.391 0.13 4.807 0.14 0.3683 0.06 0.1868 0.15
0.1 4.963 0.12 4.353 0.12 0.3763 0.07 0.1955 0.14 3.734 0.14 3.254 0.14 0.3912 0.07 0.2093 0.18
0.15 4.050 0.11 2.502 0.12 0.4010 0.07 0.2214 0.15 2.707 0.14 1.663 0.14 0.4240 0.07 0.2435 0.14
0.2 3.263 0.14 1.549 0.14 0.4170 0.08 0.2408 0.15 1.925 0.17 0.9091 0.17 0.4509 0.09 0.2728 0.17
0.25 2.619 0.20 1.007 0.20 0.4246 0.09 0.2520 0.19 1.437 0.24 0.5505 0.24 0.4625 0.12 0.2890 0.23
0.3 1.959 0.26 0.6325 0.26 0.4395 0.13 0.2697 0.24 1.042 0.35 0.3355 0.35 0.4750 0.17 0.3046 0.31
0.35 1.462 0.27 0.4061 0.27 0.4634 0.13 0.2932 0.23 0.7280 0.37 0.2020 0.37 0.4857 0.18 0.3184 0.31
0.45 0.8027 0.29 0.1745 0.29 0.4768 0.14 0.3112 0.24 0.3552 0.45 0.0772 0.45 0.4940 0.19 0.3312 0.33
0.55 0.4439 0.65 0.0792 0.65 0.4631 0.25 0.2964 0.50 0.1544 0.78 0.0275 0.78 0.4896 0.40 0.3232 0.74
0.65 0.2046 1.00 0.0309 1.05 0.4587 0.60 0.2915 1.15 0.0542 1.46 0.00820 1.46 0.4865 0.82 0.3269 1.58
0.75 0.0727 2.05 0.00955 2.10 0.4501 1.00 0.2804 1.75 0.0157 2.96 0.00205 2.96 0.4741 1.64 0.3068 3.05
0.85 0.0200 3.25 0.00232 3.35 0.4040 2.60 0.2314 3.50 0.00355 5.93 0.00041 5.93 0.4345 3.44 0.2602 6.25

Table 6.1: pT integrated invariant cross section F [mb·c], density distribution dn/dxF , mean
transverse momentum 〈pT 〉 [GeV/c], mean transverse momentum squared 〈p2

T 〉 [(GeV/c)2] as a
function of xF for π+ and π− in p+p collisions at 158 GeV/c beam momentum. The statistical
uncertainty ∆ for each quantity is given in %
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π+ π−

xF F ∆ dn/dxF ∆ 〈pT 〉 ∆ 〈p2
T 〉 ∆ F ∆ dn/dxF ∆ 〈pT 〉 ∆ 〈p2

T 〉 ∆

-0.05 64.312 0.57 13.211 0.57 0.3267 0.40 0.1533 0.80 60.470 0.57 12.401 0.57 0.3287 0.40 0.1543 0.80
-0.04 66.736 0.52 15.726 0.52 0.3114 0.31 0.1411 0.60 62.771 0.52 14.749 0.52 0.3141 0.31 0.1425 0.60
-0.03 69.546 0.48 19.030 0.48 0.2954 0.30 0.1287 0.55 65.076 0.48 17.768 0.48 0.2970 0.31 0.1294 0.55
-0.02 72.264 0.38 23.052 0.38 0.2801 0.28 0.1177 0.52 68.061 0.38 21.743 0.38 0.2796 0.30 0.1168 0.55
-0.01 73.693 0.34 26.993 0.34 0.2658 0.27 0.1077 0.50 69.751 0.33 25.747 0.33 0.2631 0.30 0.1049 0.54
0.0 71.923 0.32 28.088 0.32 0.2586 0.27 0.1030 0.48 69.484 0.30 27.364 0.30 0.2558 0.30 0.1008 0.54
0.01 70.586 0.32 25.756 0.32 0.2672 0.27 0.1088 0.50 66.470 0.31 24.424 0.31 0.2648 0.30 0.1062 0.55
0.02 66.086 0.32 20.903 0.32 0.2840 0.27 0.1210 0.50 60.877 0.32 19.247 0.32 0.2844 0.30 0.1206 0.55
0.03 61.594 0.33 16.683 0.33 0.3012 0.29 0.1339 0.55 55.378 0.35 14.938 0.35 0.3042 0.31 0.1352 0.58
0.04 57.541 0.35 13.389 0.35 0.3205 0.30 0.1491 0.60 50.685 0.37 11.757 0.37 0.3237 0.32 0.1506 0.62
0.05 54.137 0.35 10.981 0.35 0.3379 0.32 0.1637 0.62 47.027 0.38 9.516 0.38 0.3413 0.32 0.1649 0.62
0.075 46.426 0.35 7.067 0.35 0.3734 0.32 0.1957 0.62 38.142 0.38 5.790 0.38 0.3781 0.32 0.1993 0.62
0.1 40.396 0.35 4.904 0.35 0.3960 0.30 0.2182 0.58 31.456 0.38 3.803 0.38 0.4045 0.32 0.2268 0.62

0.125 35.101 0.37 3.531 0.37 0.4144 0.32 0.2375 0.65 25.590 0.42 2.561 0.42 0.4277 0.33 0.2525 0.65
0.15 30.875 0.38 2.648 0.38 0.4267 0.32 0.2520 0.65 21.385 0.47 1.826 0.47 0.4436 0.34 0.2708 0.70
0.2 23.488 0.50 1.5499 0.50 0.4489 0.37 0.2797 0.70 14.535 0.62 0.9555 0.62 0.4730 0.37 0.3053 0.70
0.25 18.174 0.65 0.9734 0.65 0.4607 0.41 0.2967 0.80 10.258 0.87 0.5475 0.87 0.4909 0.43 0.3308 0.85
0.3 13.327 0.87 0.5996 0.87 0.4755 0.44 0.3154 0.90 7.105 1.15 0.3190 1.15 0.4993 0.53 0.3425 1.10
0.4 7.207 1.15 0.2455 1.15 0.4912 0.61 0.3344 1.10 3.060 1.60 0.1041 1.60 0.5159 0.63 0.3664 1.15
0.5 3.943 1.60 0.1081 1.60 0.4714 0.90 0.3157 1.60 1.226 2.40 0.0336 2.40 0.5125 1.00 0.3620 2.00

Table 6.2: pT integrated invariant cross section F [mb·c], density distribution dn/dxF , mean
transverse momentum 〈pT 〉 [GeV/c], mean transverse momentum squared 〈p2

T 〉 [(GeV/c)2] as a
function of xF for π+ and π− in p+C collisions at 158 GeV/c beam momentum. The statistical
uncertainty ∆ for each quantity is given in %

p+p p+C
π+ π− π+ π−

y dn/dy dn/dy y dn/dy dn/dy
-0.6 0.9795 0.9311
-0.4 0.9994 0.9521
-0.2 1.0120 0.9688

0.0 0.7418 0.6713 0.0 1.0010 0.9646
0.2 0.7327 0.6567 0.2 0.9796 0.9317
0.4 0.7113 0.6281 0.4 0.9373 0.8751
0.6 0.6894 0.6022 0.6 0.8941 0.8159
0.8 0.6618 0.5760 0.8 0.8448 0.7597
1.0 0.6334 0.5425 1.0 0.7898 0.6905
1.2 0.6015 0.4973 1.2 0.7291 0.6131
1.4 0.5614 0.4426 1.4 0.6611 0.5296
1.6 0.5102 0.3841 1.6 0.5807 0.4451
1.8 0.4509 0.3191 1.8 0.4942 0.3612
2.0 0.3863 0.2534 2.0 0.4069 0.2806
2.2 0.3186 0.1964
2.4 0.2525 0.1462
2.6 0.1924 0.1034
2.8 0.1420 0.0703
3.0 0.1018 0.0463
3.2 0.0698 0.0298
3.4 0.0449 0.0179
3.6 0.0255 0.00966
3.8 0.0133 0.00446
4.0 0.00621 0.00179
4.2 0.00247 0.000566
4.4 0.000755 0.000141
4.6 0.000208 0.0000351
4.8 0.0000396 0.0000065

Table 6.3: pT integrated density distribution dn/dy as a function of y for π+ and π− in p+p
and p+C collisions at 158 GeV/c beam momentum
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Figure 6.1: Integrated distributions of π+ and π− produced in p+p interactions at 158 GeV/c:
a) density distribution dn/dxF as a function of xF ; b) Integrated invariant cross section F as a
function of xF ; c) density distribution dn/dy as a function of y
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Figure 6.2: Integrated distributions of π+ and π− produced in p+C interactions at 158 GeV/c:
a) density distribution dn/dxF as a function of xF ; b) Integrated invariant cross section F as a
function of xF ; c) density distribution dn/dy as a function of y

Other integrated quantities such as π+/π− ratio, the mean transverse momentum 〈pT 〉
and the mean transverse momentum squared 〈p2

T 〉 again as a function of xF are presented
in Figs. 6.3 (p+p) and 6.4 (p+C). The first and second moments of the pT distributions are
larger for π− than for π+ in both reactions and there is a slight increase of this quantities
in p+C collisions in comparison to p+p collisions. This increase is connected with the pT

enhancement at high transverse momentum in p+C interactions, see Ch. 8.
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Figure 6.3: a) π+/π− ratio, b) mean pT , and c) mean p2
T as a function of xF for π+ and π−

produced in p+p interactions at 158 GeV/c
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Figure 6.4: a) π+/π− ratio, b) mean pT , and c) mean p2
T as a function of xF for π+ and π−

produced in p+C interactions at 158 GeV/c

6.2 Comparison to Other Experiments

The comparison in p+C with other experiments is not possible due to the absence of data
with sufficient phase space coverage in transverse momentum allowing the integration of
the quantities. Thus only NA49 results in p+p can be compared with available previous
measurements.

In Fig. 6.5 is presented the comparison of pT integrated invariant cross section from [21]
with the NA49 measurement. Although the differential data are in very good agreement
with each other (see Sect. 5.5.1), the pT integrated distributions show sizable systematic
deviations, as given in Fig. 6.5b. These deviations can be attributed to the incomplete
phase space coverage of [21] which necessitates and extrapolation into the unmeasured
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Figure 6.5: a) Comparison of pT integrated invariant cross section F as a function of xF for π+

and π− measured by [21] to NA49 results (presented with lines); b) deviation of the measure-
ments of [21] from the NA49 results in percent

regions of pT . The used exponential or Gaussian parametrization in [21] do not describe
properly the pT distributions, as was pointed out in Sect. 5.2, which leads to large devia-
tions reaching more than 5σ.
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ments of [29] from the NA49 results in percent
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The EHS experiment which is directly comparable to NA49 in terms of phase space
coverage and potential particle identification capability and which has accumulated a
sizable data sample of 470k events at a beam momentum of 400 GeV/c has only published
pT integrated distributions of the invariant and non-invariant cross sections [29]. The
comparison of invariant pT integrated cross section as a function of xF is presented in
Fig. 6.6. As shown in Fig. 6.6b, an upward shift of about 12% is present up to xF ≃ 0.35.
This shift is not compatible with the precise fulfillment of xF scaling exhibited by the ISR
data (Sect. 5.5.3) in the same energy range. This indicates a normalization problem of
the EHS data. Above xF = 0.35, the EHS results show large systematic effects especially
for the π+ yields which can be attributed to misidentification of π+.

A comparison of the pT integrated π+/π− ratio with data from [21] and [29] and mean
p2

T with [29] is shown in Fig. 6.7. The π+/π− ratios agree well. Only the measurement
from [29] deviates for xF > 0.3. The second moments of the pT distributions show an
upwards trend also below this xF value which complies with the expected s-dependence
of this quantity.
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Figure 6.7: a) Comparison of pT integrated π+/π− ratio as a function of xF measured by [21]
(open symbols) and [29] (full circles) to NA49 results (lines); b) comparison of the mean p2

T as
a function of xF for π+ and π− measured by [29] to NA49 results (lines)



Chapter 7

Longitudinal pT-integrated
dependence of pion production

The hadronization process in hadron-nucleus interactions consists of three distinct com-
ponents:

• The projectile fragmentation which carries the imprint of multiple collisions in nu-
clear matter.

• The fragmentation of the participating target nucleons.

• The contribution from intranuclear cascading which is generated by the propaga-
tion and interaction of the participating nucleons and produced hadrons inside the
nucleus.

The separation and quantification of these components in a model independent way
is the main goal of this chapter. Such a separation was demonstrated by the NA49
experiment for the net proton production [17] exploring the baryon number conservation.
In this case the pion projectile was used which didn’t carry baryon number and thus
measures directly the target component.

There is no such a conservation law for the pion production. In addition the target
cascading part extends closer to the central region than for protons, up to xF values of
about -0.05. Both the target and the projectile components extend into the respective
opposite hemispheres with a priori unknown ranges and shapes of the longitudinal mo-
mentum distributions which has to be determined experimentally. This extent is called
feed-over.

For the present study the reference of the proton-carbon results to the elementary
hadron-proton interactions is absolutely essential and most of the argumentation will
be established in direct comparison to these processes, invoking isospin symmetry as
an important constraint for the constitution of the target contribution. In this respect
the inspection of two components in p+p reaction is necessary condition for the data
interpretation.

7.1 Two-component picture in p+p collisions

The separation of the target and projectile components in p+p collisions is built around
the three experimental facts:
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• The absence of long-range two-particle correlations at |xF | > 0.2.

• The presence of forward-backward multiplicity correlations at |xF | < 0.1.

• The xF dependence of the π+/π− ratio in 〈π〉+p collisions.

7.1.1 Long range two particle correlations

A precision study of forward-backward correlation in p+p collisions has been performed
at the CERN ISR [19] for the different combinations of secondary identified particles. The
correlation quotient Q is defined as:

Q(x1, x2) =
g(x1, x2)

f(x1) · f(x2)
σtrig, (7.1)

where x1 and x2 are Feynman x of the two particles and f and g denote one and two-
particle cross section, respectively. The correlation quotient Q is shown in Fig. 7.1 for
several combination of secondary particles.
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Figure 7.1: Forward-backward correlations in p+p collisions measured by [19] for: a) π+π+, b)
π−π+, c) π−π−, d) K+π+, and e) π+p

In the covered region of the experiment which is |xF | > 0.2 for pions and |xF | > 0.4 for
protons and kaons no deviation of Q from unity is visible within the tight error bars. The
only exception is the large xF region where energy momentum conservation will impose
some correlation of kinematic origin.
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These measurements proof that there is no correlations between forward and backward
hemispheres above the limit of |xF | = 0.2.

7.1.2 Forward-backward multiplicity correlations

The experiment [19] does not cover the central rapidity area. This region has been studied
by three bubble chamber experiments [31–33] at SPS energies and a streamer chamber ex-
periment at ISR [34] by measuring the forward-backward multiplicity correlation without
particle identification. The bubble chamber experiments cover the full xF range by mo-
mentum measurement in the laboratory frame. The Lorentz transformation is made with
assumption of pion mass which makes a certain but negligible bias in determination of
the central region. The experiment [34] has no momentum measurement and determines
the pseudo-rapidity η by the angle measurement.

The forward-backward multiplicity correlation are quantified by plotting the depen-
dence of mean backward charged multiplicity 〈nb〉 on the forward charged multiplicity nf .
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Figure 7.2: Forward-backward multiplicity correlations, a) to d) experimental data and fits,
[31–34]; f) to h) correlation with rapidity selection as given, [32–34]; d) xF as a function of pT

at y = 1 for beam momentum between 205 and 306 GeV/c
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This dependence measured by experiments [31–34] is presented in Fig. 7.2.
All of the experiments find a linear correlation of the type

〈nb〉 = a + b · nf (7.2)

with the values of the slope parameter b ranging from 0.17 to 0.22 for
√

s between 14 and
24 GeV, Fig. 7.2a-d. These results do not contradict the measurements from [19] as here
also the central region contributes. In fact the observed multiplicity correlations vanish
when the central region is excluded (|y| > 1 or η > 1), as shown in Fig. 7.2f-h. These cuts
around the mean transverse momentum corresponds to xF between 0.04 and 0.06 which
is well below the lower xF limit of [19].

It can be concluded from the above results that feed-over range of produced pions into
the opposite hemisphere is limited to about |xF | ∼ 0.05 at average transverse momentum.
The feed-over contains between 17 and 21 % of all pions. There is no further long-range
correlation beyond this limit.

7.1.3 π+/π− ratio in π+p collisions

Additional information about range and shape of the feed-over can be extracted from the
π+/π− ratio in 〈π〉+p collisions, where 〈π〉+p indicates the average of π++p and π−+p
interactions. The advantage of forming 〈π〉 projectile is that it is isospin symmetric which
leads to the fact that π+/π− ratio will be exactly equal to unity for the whole projectile
fragmentation. Therefore by measurement of the π+/π− ratio as a function of xF one can
obtain directly the extent and the shape of the pion feed-over into the forward hemisphere
using the deviation of the ratio from unity.
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Figure 7.3: π+/π− ratio as a function of xF in p+p and 〈π〉+p
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The π+/π− ratio in π++p and π−+p collisions has been measured by NA49 detector.
It has been shown that isospin symmetry is fulfilled for xF > 0.1 in these reactions [18],
i.e. π+ and π− interchange their yields by switching from π+ to π− projectile. In the
resulting π+/π− ratio most of the corrections drop out and the only exception is the feed-
down from the weak decay of the proton target fragmentation. Its contribution to π+/π−

ratio in the forward region is less 0.5% and it has been corrected for.
The measured π+/π− ratio in 〈π〉+p collisions is presented in Fig. 7.3 together with

the ratio in p+p reactions.
The π+/π− ratio reaches unity at xF ∼ 0.08 and stays constant at this value up to the

limit of the data extraction at xF = 0.3. The same ratio in p+p collisions, also presented
in Fig. 7.3, strongly increases with xF which reflects the presence of proton projectile.
The approach of the charge ratio to unity in 〈π〉+p reaction is not smooth but shows a
local maximum at xF ∼ 0.04.

7.1.4 Extraction of target and projectile components in p+p collisions

The two-component picture of pion production in p+p can be constructed based on the
experimental results presented in the previous three sections. The two components cor-
respond to target and projectile contribution. These components are independent which
means that target fragmentation does not depend on the projectile particle and vise-versa
and they have to fulfill the following conditions:

• The target and projectile components must be equal at xF = 0 for symmetry reasons.

• The components feed-over into the opposite hemisphere with the maximum extent
of xF = 0.1, see Sect. 7.1.3.

• The feed-over is at the level of about 19% of the total yield per component, see
Sect. 7.1.2.

The discussion can be simplified by using the pT integrated charge-averaged longitu-
dinal momentum distribution 〈π〉, defined as:

〈π〉 =
1

2

[

(

dn

dxF

)π+

+

(

dn

dxF

)π−
]

, (7.3)

which allows to exclude the isospin dependence.
The xF dependence of the two components, satisfying the above constraints, for 〈π〉

in p+p collisions is shown in Fig. 7.4 together with the measured total inclusive yield.
The observed structure in π+/π− ratio in 〈π〉+p collisions around xF = 0.04 (Fig. 7.3)

suggests slightly different shape of the feed-over curve for π+ and π−. In fact there is no
a priori knowledge of the behaviour of the two charges in the feed-over region. In Fig. 7.5
is shown the contribution of the target component relative to the total inclusive yield for
π+ and π−.

The assumed different behaviour of π+ and π− leads to increase of the π+/π− ratio
into the feed-over region. This prediction is shown with lines in Fig. 7.6 for p+p interac-
tions in forward hemisphere where the π+/π− ratio from the target component is much
larger than that from the projectile component. The above description gives a simulta-
neous explanation of the slight shoulder and the structure observed at xF ∼ 0.04 in both
reactions p+p and 〈π〉+p. This corresponds to long-range charge correlation within the
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Figure 7.4: Two-component picture of charge-averaged pion production in p+p collisions, show-
ing the symmetric contribution from the target and projectile and their sum corresponding to
the data

target and projectile contribution with the respective incoming hadron. This correlation
will present an interesting challenge for microscopic production models, in particular for
those based on string fragmentation ideas, as the memory of the original parton charge
tends to be quickly lost along the string [62].

Fx
-0.1 0 0.1

ta
rg

et
 c

om
po

ne
nt

0

0.2

0.4

0.6

0.8

1

-π
+π

Figure 7.5: Target component contribution of π+ and π− with respect to the total yield
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Figure 7.6: π+/π− ratio in p+p and 〈π〉+p with corresponding predictions for the proton target
and proton projectile components

7.1.5 Comparison to feed-over in net baryon production

The two-component nature of the net baryon production has been also extracted by NA49
data from p+p and 〈π〉+p reactions. The advantage of the net baryon production is the
conservation of the baryon number which allows to measure the target contribution di-
rectly by using baryon number free projectile. It has been shown that the pion induced
interactions and the forward-backward baryon correlation in p+p give the consistent re-
sults [14]. The feed-over distribution has been measured directly in three different ways.
The result is summarized in Fig. 7.7a.
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In Fig. 7.7b the comparison of pion feed-over to net proton feed-over is presented.
There is a clear difference between the feed-over range which indicates a strong mass
dependence.

7.2 Nuclear aspects

The most important quantity which defines the nuclear parameters is the nuclear density
distribution ρ(r). A very distinct assumption about this quantity has to be made to
determine the probability distribution of multiple collisions, P (ν), where ν is the number
of collisions which the projectile undergo inside the nucleus. Other quantities of principle
interest are the mean number of collisions 〈ν〉 and the proton-nucleus total inelastic cross
section, or rather its evolution with subsequent collisions.

7.2.1 Nuclear density distribution

The experimental information about nuclear density distribution of Carbon nucleus is
available from the electron scattering [63, 64] which measure the charge distribution of
the nucleons inside the nucleus. This is not identical to the density ρ(r) as the spatial
distribution has to be unfolded. An additional problem can be the possible different
distribution of protons and neutrons. To overcome all these uncertainties in the density
distribution six different parametrizations were used [65]:

1. Woods-Saxon

2. Single Gaussian
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Figure 7.8: a) Nuclear density parametrizations; b) rms radius; c) nuclear density at r = 0; d)
probability for single collision
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3. Fourier-Bessel

4. Sum of Gaussians

5. Fourier-Bessel unfolded for proton charge distribution

6. Sum of Gaussians unfolded for proton charge distribution

The nuclear density ρ(r) for the six parametrizations as a function of the radius are
presented in Fig. 7.8, where also the resulting nuclear parameters like the rms radius, cen-
tral nuclear density ρ(r = 0) and probability for single collision P(1) are given. The first
two options are known to disagree with the experiment. From the other parametrizations
it can be concluded that rms radius is between 2.3 and 2.5 fm and the probability for
the single collision is between 0.56 and 0.6. The latter quantity shows the fraction of the
interactions which are identical to the “trivial” proton-nucleon collisions.

7.2.2 Mean number of collisions, total inelastic cross section

Mean number of collisions can be obtained in a simple geometrical manner, as shown
in Fig. 7.9. Let’s assume that we have distributed randomly A circular disks each with
surface S. The area covered by one layer of disks is denoted with S1, by two layers with
S2, by three layers with S3 etc. Then scanning the plane with random projectile the mean
hit number of layers is defined by the formula:

〈ν〉 =
S1 + 2S2 + 3S3 + . . . + ASA

S1 + S2 + S3 + . . . + SA
. (7.4)

The total area covered by the disks represents the total inelastic cross section σpA and
the total surface of the disks Aσpp.
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3S

Figure 7.9: Schematic view of the superposition of nucleon-nucleon cross sections in a nuclear
environment
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σpA = S1 + S2 + S3 + . . . + SA (7.5)

Aσpp = S1 + 2S2 + 3S3 + . . . + ASA. (7.6)

Then the mean number of collisions can be written as:

〈ν〉 =
Aσpp

σpA
. (7.7)

which in case of carbon nucleus corresponds to the mean number of collisions 〈ν〉 = 1.68.
In the case of p+A collisions this formula is valid if the elementary proton-nucleon

cross section is the same in each successive hit. Therefore any experimental verification
of the correctness of Eq. 7.7 will provide an important constraint on the evolution of the
cross section with the number of collisions.

Under the above assumption, the distribution of the number of collisions P (ν) has
been determined via Monte Carlo calculation [65], using the six parametrization discussed
in Sect. 7.2.1. The resulting P (ν) for the different parametrizations are presented in
Fig 7.10a. In Fig 7.10b-d are given the calculated total inelastic cross section, mean
number of collisions and mean number of collisions for ν ≥ 2.

modelν
0 2 4 6 8

)ν
P

(

-410

-310

-210

-110

1

a) Woods-Saxon

Gaussian

Fourier-Bessel

Sum of Gaussians

Fourier-Bessel unfolded

Sum of Gaussians unfolded

 [m
b]

in
el

σ

220

240

260
b)

〉ν〈

1.4

1.6

1.8
c)

1 2 3 4 5 6

 2≥ ν〉ν〈

2.4

2.5

2.6

2.7
d)

Figure 7.10: a) Probability of ν collisions for different nuclear density parametrizations; b)
inelastic cross section. The dashed line indicates the NA49 result with the error margin (shaded
area); c) mean number of collisions; d) mean number of collisions for ν ≥ 2

The measured total inelastic cross section by NA49 is 226.3 mb ± 2% (see Table 4.1)
which gives constraint on the nuclear density distribution and favours the parametrizations
(5) and (6).
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7.3 Two-component picture of pion production in p+C colli-
sions

Two-component picture in p+C collisions will be constructed based on the two-component
picture in p+p interactions developed in Sect. 7.1. In order to quantify the superposition
several straight-forward assumptions have to be made:

• Concerning the feed-over shape and xF range both the target and projectile compo-
nents will follow the same mechanism as extracted for the elementary collisions.

• The target component will be multiplied with the mean number of projectile colli-
sions 〈ν〉. Here the underlying assumption is that any subsequent collision leads to
the same density distribution.

• As was mentioned above due to the isoscalar nature of Carbon nucleus, the target
component for both π+ and π− is build up as:

(

dn

dxF

)π±

target

(xF ) =
1

2

(

dn

dxF

)π+,pp

target

(xF ) +
1

2

(

dn

dxF

)π−,pp

target

(xF ), (7.8)

which results as necessary in a π+/π− ratio of unity over the full xF range.

• The projectile component carries the full imprint of 〈ν〉 which makes it impossible
to be predicted. For this reason it will be constructed the same as in p+p collisions:

(

dn

dxF

)π±

proj

(xF ) =

(

dn

dxF

)π±,pp

proj

(xF ), (7.9)

with the aim to be extracted by inspecting the deviation of this simple relation from
the data.

With these assumptions, a predicted pion yield in p+C interactions can be obtained
as follows:
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dxF

)π±

pred

(xF ) = 〈ν〉
(

dn

dxF

)π±

target

(xF ) +

(

dn

dxF

)π±

proj

(xF ). (7.10)

7.4 Comparison of two-component picture in p+C reaction with
the data

To simplify the comparison of the above prediction with the data the following two ratios
are formed:

R(xF ) =
(dn/dxF )pC(xF )

(dn/dxF )pp(xF )
(7.11)

Rpred(xF ) =
(dn/dxF )pred(xF )

(dn/dxF )pp(xF )
, (7.12)

where (dn/dxF )pC(xF ) and (dn/dxF )pp(xF ) are measured yields in p+C and p+p colli-
sions respectively, and (dn/dxF )pred(xF ) is the predicted by two-component picture yield,
Eq. 7.10.
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Figure 7.11: Ratio R(xF ) in the central region as a function of xF for the charge-average pion
〈π〉 obtained with lower integration limits at pT = 0, 0.2 and 0.4 GeV/c. The dotted lines
indicate the extrapolation

7.4.1 Average charge

Since the acceptance of the NA49 detector in the backward region has a limitation to
xF = -0.03 for the complete integration of the pT distribution (see Fig. 3.5), an extrap-
olation of R(xF ) to xF = -0.1 concerning the lowest pT range, has been performed. The
validity of the extrapolation towards xF = -0.1 has been tested by studying the sensitivity
of the integrated yields to a lower pT cut off. The measured ratio R(xF ) in the central
region obtained with the lower integration pT limit at 0, 0.2 and 0.4 GeV/c is presented
in Fig. 7.11. For the latter value the full region down to xF = -0.1 is experimentally
available. It appears that change of the ratio in the backward region with increasing the
pT cut-off is on the percent level and therefore can be regarded as a second order effect.

The measured ratio R(xF ) extrapolated down to xF = -0.1 is presented in Fig. 7.12.
The upper limit of the data at xF = 0.5 is due to the limited statistics in p+C event
sample. The predicted ratio Rpred(xF ) by the two-component picture is also shown in
Fig. 7.12 for the three values of mean number of collisions 〈ν〉 = 1.5, 1.6 and 1.7.

Several interesting features has emerged by comparing the measured ratio R(xF ) at
backward, central and forward region with the predicted ratio Rpred(xF ):

• In the backward hemisphere at xF towards -0.1 the ratio R(xF ) reaches a value of
about 1.6. Here the total contribution to the yield comes from the target component
(Fig. 7.4) and this factor of 1.6 will be measurement of the mean number of projectile
collisions 〈ν〉 in Carbon nucleus (Eq. 7.10). The extracted in this way 〈ν〉 = 1.6 is
significantly below (4σ) the value of 1.68 predicted in Sect. 7.2.2.

• In the central region at xF = 0 the measured value is 1.38 which is slightly above
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Figure 7.12: Ratio R(xF ) as a function of xF for the charge-average pion 〈π〉 (full circles) in
comparison with Rpred for three different 〈ν〉 = 1.5, 1.6 and 1.7 (lines)

the straight-forward prediction of two-component picture (〈ν〉 + 1)/2, indicating an
enhancement of the projectile component.

• In the forward region up to xF ∼ 0.2 the measured ratio R(xF ) is bigger than
predicted ratio Rpred(xF ) and become smaller above this xF value. The decrease of
baryon production in p+A in comparison with p+p in the far forward hemisphere is
well known phenomenon in projectile fragmentation. Here this decrease is observed
in pion production which can be called “pion stopping”.
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Figure 7.13: Difference between measured ratio R(xF ) and predicted Rpred(xF ) as a function of
xF for 〈π〉
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The increased particle density in the xF region between -0.1 and 0.2 is due to the
superposition of both target and projectile components. With the assumption that tar-
get component in p+C collisions is equal to 〈ν〉 · (dn/dxF )pp

target the enhancement of the
projectile component will be given as difference between R and Rpred. This deviation is
shown in Fig. 7.13. Integrating this density difference results in total projectile pion yields
enhancement of about 10% of p+C reaction compared to p+p collisions.

7.4.2 Charge dependence

The measured ratio R(xF ) separately for π+ and π− with lower integration limits at
pT = 0, 0.2, 0.4 GeV/c is plotted in Fig. 7.14. Again, as in the case of average pion yield,
the change of ratio in the backward region is at the level of a few percent which confirms
validity of the extrapolation.
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Figure 7.14: Ratio R(xF ) in the central region as a function of xF obtained with lower integration
limits at pT = 0, 0.2 and 0.4 GeV/c for a) π+ and b) π−. The dotted lines indicate the
extrapolation

The comparison of the ratio R(xF ) for the charged pions with the predicted by two-
component picture Rpred(xF ) is shown in Fig. 7.15. Clearly both charges approach the
prediction for mean number of collisions 〈ν〉 of 1.6 in the backward region. In the central
region up to xF ∼ 0.2 the measurement is above the prediction, and for larger xF become
smaller.

The behaviour of the charges is evidently different in the backward hemisphere as well
as in the forward. The bigger increase in the backward region for π− is directly related
to the target. Due to isospin symmetry of the Carbon nucleus the production of positive
and negative pions is equal. This effect enhances more the π− and less the π+ yield from
the target relative to the p+p interactions. As for π+ a local maximum of R around
xF = -0.05 is followed by decrease towards lower xF , for π− a steady increase of R in the
same region is observed. In the forward region for xF > 0.3 the ratio R decreases more
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Figure 7.15: Ratio R(xF ) as a function of xF in comparison with Rpred(xF ) for three different
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rapidly for π− than for π+ which is a signal for the important differences of the projectile
fragmentation mechanism between the two charges.

7.4.3 π+/π− ratio

The π+/π− ratio in p+C and p+p interactions as a function of xF is shown in Fig. 7.16.
An enlarged view of the central and backward xF regions is also presented in Fig. 7.16b
for different pT cut-offs in the transverse momentum integration, giving further support
to the extrapolation used at low pT .

In the backward hemisphere the π+/π− ratio in p+C collisions approaches unity as it
is expected from the isospin symmetry in the target fragmentation region. In the forward
hemisphere the ratio is close to the one measured in p+p interactions which is signal for
domination of the projectile fragmentation. The behaviour of the π+/π− ratio for xF < -
0.1 and xF > 0.1 complies well with prediction from two-component picture in the sense
that π+/π− ratio tends to 1 in the region of prevailing target contribution (see Eq. 7.8)
and it is similar to the ratio observed in p+p reaction in the region where the projectile
contribution dominates (see Eq. 7.9). However the ratio does not behave in a smooth
fashion but show detailed deviation from the first-order expectation. The approach to
unity at negative xF shows a local maximum at xF ∼ -0.04 which is similar to that
observed in 〈π〉+p interactions at the same positive xF (see Sect. 7.1.3), corresponding in
both cases to isoscalar fragmentation region. In the forward hemisphere the π+/π− ratio
is not identical to the ratio in p+p collisions, as it is smaller for xF < 0.3 and bigger for
larger xF values. These deviations indicate a modification of the projectile charge ratio
in multiple collision processes both in forward and backward hemispheres.

The deviation of the projectile charge ratio from the one measured in p+p colli-
sions can be extracted by using the two-component picture developed in Sect. 7.3 which
explicitly contains π+/π− ratio equals to 1 for the target component. The resulting
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in elementary collisions also shown in Fig. 7.17 for comparison. In the forward region for
xF between 0.1 and 0.25 the ratio decreases with about 4% followed by increase above
xF = 0.3. This shape of the ratio shows that there is a charge correlation between
the far forward and feed-over region of the projectile fragmentation. Due to the small
contribution in absolute yields from these areas, the decrease of the charge ratio in the in-
termediate region is imposed by the charge conservation in view of the increased projectile
multiplicity.

7.5 Intranuclear cascading

Up to now the discussion was concentrated in the projectile and target components. In
proton-nucleus collisions there is a third component, called intranuclear cascading, which
is due to the propagation and interaction of the participating nucleons and fragmentation
products inside the nucleus. The cascading products will have typically small momentum
in the rest frame of the target, i.e. the laboratory frame. For pions low plab correspond
to xF ∼ -0.15, as expected from mass ratio mπ/mp. The kinematic situation for pions in
(xF ,pT ) plane is depicted in Fig. 7.18 where with lines are indicated the constant total
momentum plab and constant polar angle Θlab in the laboratory frame. The intranuclear
cascading can contribute in the forward region only if the pion lab momentum is large.

The hatched area in central and forward region in Fig. 7.18 represents the cov-
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Figure 7.18: Kinematics in the backward region. With lines are indicated the constant total
momentum plab (0.2, 0.6 and 1 GeV/c) and constant polar angle Θlab (70◦, 90◦, 118◦, 137◦,
160◦). The shaded areas represent the coverage of [36] (far backward region) and NA49 (central
and forward region)
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ered phase space by NA49. The acceptance limit of NA49 experiment corresponds to
plab ∼ 0.6 GeV/c. At this momentum the intranuclear pion production yield is strongly
reduced and a very small if any cascading contribution can be expected. This contribution
can be quantified using measurement by Nikiforov et. al. [36]. This experiment at Fer-
milab at 400 GeV/c beam momentum covers the backward region as indicated with the
second hatch area in Fig. 7.18, see also Fig. 1.2a. The measurement has been performed
at fixed lab angle Θlab between 70 and 160 degrees, leaving a small uncovered region with
respect to the NA49 acceptance.

In order to quantify the cascading contribution the cross sections obtained in [36]
are related to the isospin average prediction for the target fragmentation developed in
Sect. 7.3. This is possible since no contribution from projectile hadronization can be
expected in covered region. The data of [36] were corrected for the feed-down of week
decays. The feed-down correction has been applied following the methodology developed
for the NA49 data, see Sect. 4.4.6. With corrected in this way cross section the following
ratio is formed:

Rcasc =
(Ed3σ/dp3)Nikiforov

(Ed3σ/dp3)pC
(7.13)

The Rcasc is plotted in Fig. 7.19 for the five measured angles as a function of the pT .
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pT value at which xF of -0.85 is reached
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It increases strongly with pT for all angles. This is due to the increase of |xF | along the
lines of constant Θlab which is accompanied with increasing domination of the cascading
products in the far backward hemisphere. In fact the cascading products are found at
xF < -1 which is not accessible for the target fragmentation and therefore the ratio Rcasc

tends to diverge at this limit. The arrows given in Fig. 7.19 indicate the pT value at each
angle where xF = -0.85 is reached.

The pT dependence at fixed Θlab can be transformed into a xF dependence at fixed
pT . The result is shown in Fig. 7.20.
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Figure 7.20: Rcasc obtained from [36] as a function of xF

Within the errors of the data points, the xF dependence can be parametrized with a
single curve, independent of pT , which converges to Rcasc = 1 at xF = 0. This convergence
is also justified by the fact that relatively large momentum plab is needed to approach
xF = 0, see Fig. 7.18. As the ratio Rcasc gives the excess of the cascading production with
respect to the target fragmentation, it may be argued that contribution from cascading at
xF = -0.1 is on the level of few percent only. The fact that acceptance of the NA49 detector
at this xF is limited to pT = 0.4 GeV/c further reduces the possible contribution to the
NA49 data. The extrapolation into unmeasured region performed in Sect. 7.4, which takes
into account only target contribution, is justified in this way. It has to be mentioned that
in the region xF < -0.1 and pT < 0.2 GeV/c the π+/π− ratio will be effected by the final-
state Coulomb interaction with the spectator nucleons in the nucleus [66–69]. However
this effect is expected to be small for the Carbon nucleus.

The two-component picture developed in preceding section takes into account only
target and projectile contribution. The prediction in Sect. 7.3 now has to be completed
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Figure 7.21: Rpred as a function of xF , giving the data points together with the target contri-
bution at 〈ν〉 = 1.6 (full line) and adding the intranuclear cascading part (broken line)

with cascading contribution as quantified in Fig. 7.20. The result for the charge-averaged
pion is shown in Fig. 7.21. Here the intranuclear cascading contribution is added to
presented in Fig. 7.4.1 predicted yield from target and projectile fragmentation for mean
number of collisions 〈ν〉 = 1.6. The overall ratio Rpred exhibits a smooth increase from far
forward to far backward region of xF . This is in agreement with pseudo-rapidity η ratio

R(η) =
(dn/dη)pA(η)

(dn/dη)pNη
(7.14)

observed in emulsion measurement [70] at 200 and 800 GeV/c beam momentum, where
almost linear increase of R(η) is found, from values below 1 in forward rapidity to values
in excess of 2 in the far backward hemisphere.



Chapter 8

Transverse dependence

The pT dependence will be studied in this chapter in terms of double inclusive cross section
f(xF , pT ), defined with Eq. 4.5.

8.1 Cross section ratio with respect to elementary collisions

The presence of the Carbon nucleus and the corresponding two-component hadronization
mechanism suggest that the straight-forward cross section ratio

R(xF , pT ) =
fpC(xF , pT )

fpp(xF , pT )
(8.1)

is probably not the best choice for comparison of p+C with elementary p+p collisions in
the full xF scale. There are two important and well quantified overall phenomena which
should be taken out in this comparison:

• The target pile-up corresponds to 〈ν〉 participating nucleons which will results in
overall upward shift of R(xF , pT ) in the region below xF = 0.1 depending on the
relative target contribution.

• Due to the isoscalar nature of the Carbon nucleus the π+ and π− yields from the
target contribution are equal which is not the case for the projectile fragmentation.

In order to characterize the projectile-connected pT dependence a definition of the
cross section ratio that takes direct reference to the two-component superposition, has
been chosen:

RpT
(xF , pT ) =

fpC(xF , pT )

ftwo-comp(xF , pT )
(8.2)

where ftwo-comp(xF , pT ) is defined as:

ftwo-comp(xF , pT ) = t(xF )

(

1

2
fpp

π+(xF , pT ) +
1

2
fpp

π−(xF , pT )

)

+ p(xF )fpp(xF , pT ), (8.3)

with fpp(xF , pT ) denoting the double differential pion cross section in p+p interactions and
RpT

, fpC, ftwo-comp and fpp to be regarded separately for π+ and π− mesons. The functions
t(xF ) and p(xF ) describe the relative contribution from target and projectile fragmenta-
tion to the total pion yield in the two-component picture, as presented in Fig. 8.1.

These functions fulfill the following conditions:
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Figure 8.1: Target t(xF ) and projectile p(xF ) contributions to the pion yield in the two-
component picture, with t(xF ) = 1.6p(−xF )

• t(xF ) ensures that target contribution amounts to 〈ν〉 times average pion yield at
xF = -0.1 and vanishes at xF = 0.1.

• p(xF ) is 1 above xF = 0.1 and determines the total pion yield in this region and
reaches 0 at xF = -0.1.

Therefore the constructed in this way ratio RpT
contains the features of the superpo-

sition of elementary components in p+C collisions and addresses specifically the modifi-
cations due to the projectile fragmentation. This ratio is shown in Fig. 8.2 for three xF

values for both π+ and π−. The full lines represent the ratio RpT
resulting from the in-

terpolation developed in Sect. 5.1. As expected, complex pT and xF dependence emerge.
The arrows indicate the mean transverse momentum 〈pT 〉. The pT range around this
value governs the pT integrated yield and it reproduces the features of this quantity with
respect to elementary collisions as elaborated above, namely the ratio is bigger than 1
below xF = 0.2, crosses 1 around this value and further decreases below 1 for larger xF

values.
A second region of interest is the behaviour at high pT values. A significant increase

of RpT
at high pT with respect to the 〈pT 〉 is observed for the full xF scale as can be seen

from Fig. 8.3, where the overview of RpT
for the entire covered xF range is presented.
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8.2 Definition of pT enhancement

As was mentioned in the previous section the ratio RpT
shows an increase at high pT

with respect to the 〈pT 〉 for each xF , see Fig. 8.3. This increase can be quantified by
introducing the measured enhancement factor Em

pT
(pT ):

Em
pT

(pT , xF ) =
RpT

(pT , xF )

RpT
(〈pT 〉, xF )

. (8.4)

This definition relates the ratio RpT
at any pT to its value at mean transverse mo-

mentum for fixed xF and the chosen reference quantity RpT
(〈pT 〉) has the behaviour of

the pT integrated observables and the detailed structures present at low pT (see Sect.5.2)
averaged out in the reference. The xF dependence of Em

pT
is shown in Fig. 8.4 for four pT

values extending up to the experimental limit of 1.8 GeV/c.
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Figure 8.4: The pT enhancement as a function of xF at several fixed pT values for a) π+ and b)
π−. The shaded regions mark the error margins connected to the interpolation scheme developed
in Sect. 5.2

The shaded areas in Fig. 8.4 correspond to the error margins connected with the
interpolation procedure. The enhancement factors Em

pT
increase from values close to unity

at low pT to about 2 at pT = 1.8 GeV/c. The detailed xF dependence of Em
pT

is different
for π+ and π− especially at low pT . Nevertheless some common features are observed,
namely at pT above the mean, the enhancement factor increases from the acceptance limit
at xF = -0.1 through xF = 0 towards forward hemisphere. It reaches maximum at about
xF = 0.2 ÷ 0.3 and this maximum has larger values and it moves more forward for the
higher pT . The Em

pT
decreases in very forward region and tends to 1 due to the vanishing

contribution from multiple collisions.
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8.3 High pT phenomena

In the connection with the forthcoming discussion the term “high pT ” needs some clarifi-
cation.

In a first instance, it seems to be generally accepted that hadron production in the
region of pT ∼ 2 GeV/c is already govern by the hard parton-parton scattering. This
expectation was developed in connection with ISR data [71,72] and is still widely used in
the interpretation of very recent RICH results [73, 74].

In the second instance, the early discovery of an “anomalous” pT enhancement in
proton-nucleus collisions, so-called Cronin effect [25], in a corresponding region of trans-
verse momentum, seems to point into the same direction. In fact the only attempt at
understanding of the Cronin effect is based on multiple partonic scattering [75–79] which
can not be confirmed with the available experimental information.

Here the notion “high pT ” will be used to mark the measurement limit of 1.8 GeV/c
in the transverse momentum of NA49 experiment in p+C interaction.

8.3.1 Anomalous nuclear enhancement

The anomalous nuclear enhancement was first quantified via A-dependence of the hadronic
cross section, parametrized as:

σpA ∼ Aα(pT )σpp (8.5)

 [Gev/c]
T

p
0 2 4 6 8

α

0.8

0.9

1

1.1

1.2

200 GeV/c

300 GeV/c

400 GeV/c

 

 

 

+π -π

Figure 8.5: The exponent α as a function of pT for π+ and π− at three different beam momentum
measured by [25]. The corresponding xF range for each energy is given. The dashed line
corresponds to pT limit of the NA49 data
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The dependence of the parameter α on transverse momentum is shown in Fig. 8.5 for
π+ and π− at beam momentum of 200, 300 and 400 GeV/c. The exponent α(pT ) shows
steep increase between 0.8 and 0.9 at low transverse momentum to a maximum of about
1.15 at pT ∼ 4 GeV/c, followed by decrease up to measurement limit. The scarce data
and the sizable errors at 200 and 300 GeV/c do not exclude s-dependence. There is a
difference between π+ and π−, as α is slightly larger for negative than for positive pions.
The NA49 measurement limit, indicated in Fig 8.5 with dashed line, is in the half way
between the low pT and saturation value of α. By chance at pT =1.8 GeV/c α is close to
1 which is believed to be characteristic of hard scattering [25].

The pion cross section measured by [25] in proton interactions with Be, Ti and W
nucleus may be interpolated to Carbon and hence compared to the NA49 results. This
comparison as a function of pT at xF = 0 for average pion 〈π〉 is presented in Fig. 8.6.

At 200 GeV/c beam momentum, which is in the immediate vicinity of the NA49
energy range, there is only one point to be compared directly. The good consistency with
the largest data sample at 400 GeV/c beam momentum is rather unexpected due to the
strong non-scaling behaviour of the s-dependence at this pT range. It has to be recalled
that data of [25] are obtained at fixed lab angle of 77 mrad which leads to an s-dependent
spread of the corresponding xF values between -0.05 and +0.15. In view of the strong xF

dependence of the pion cross section in the neighbourhood of xF = 0 the small difference
in this variable results in non-negligible systematic deviations at the level of precision of
the present study. Including however the quoted by [25] normalization uncertainties of
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Figure 8.6: Comparison of the cross section for 〈π〉 as a function of pT at xF = 0 measured
by [25] and interpolated to Carbon with p+C results from NA49
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20% and the sizeable statistical errors, the consistency of the data may be considered as
satisfactory.

8.3.2 High pT enhancement

The NA49 measurement spans a large xF range and it may be claimed that it permit
systematic study of xF dependence of Cronin effect, as data [25] cover only small central
region.

Inspection of Fig. 8.4 shows that in central region does not take a special role, as the
enhancement rises smoothly through xF = 0 and reaches a maximum at about xF = 0.3.
Another important feature of the enhancement is that in tends to unity in both directions,
xF < -0.1 and xF > 0.4.

The approach to unity in the backward region is indeed expected where the projectile
component vanishes with respect to the target contribution. In the two-component picture
the participant target nucleons should not show anomalous behaviour at high pT and the
target enhancement Etarget

pT
must be equal to one over the full xF range.

In the far forward region the pion yield from multiple collisions is progressively sup-
pressed and the contribution from single collisions grow as xF approaches 1. As Em

pT
from

single collision is one, the enhancement will tends to unity at large xF .

8.3.3 Enhancement of the projectile component

In the framework of the two-component picture the high pT enhancement can be addressed
to the multiple collisions of the projectile. The enhancement of the projectile component
can be extracted by writing down the measured enhancement as composition of the target
Etarget

pT
and projectile Eproj

pT
components:

Em
pT

=
t(xF )Etarget

pT
+ rprojE

proj
pT

t(xF ) + rproj

(8.6)

where rproj = (dn/dxF )pC
proj(〈pT 〉)/(dn/dxF )pp(〈pT 〉). Here t(xF ) denotes the relative target

contribution as a function of xF . The range of target-projectile feed-over at high pT is
larger than at low transverse momentum and it reaches xF ∼ ±0.3. The pT enhancement
at pT = 1.8 GeV/c is shown in Fig. 8.7a, where the smooth extrapolation out of the
measured range is indicated with dashed lines. Function t(xF ) together with the relative
projectile contribution p(xF ) are presented in Fig. 8.7b. The shapes are constructed by
the boundary conditions p(−0.3) = t(0.3) = 0, p(xF > 0.3) = 1 and t(xF < −0.3) = 〈ν〉,
and the symmetry conditions p(0) = 0.5 and t(0) = 〈ν〉/2. Taking into account that
target enhancement factor Etarget

pT
= 1 the enhancement of the projectile component can

be written from Eq. 8.6 as:

Eproj
pT

=
1

rproj

(

Em
pT

(t(xF ) + rproj) − t(xF )
)

(8.7)

The xF dependence of Eproj
pT

is shown in Fig. 8.8. As an important consequence of this
decomposition is that measured enhancement at xF = 0 is not fully representative of this
phenomenon. It is substantially increased by taking out the “inert” target component in
p+A interactions. This is very important for understanding of nuclear enhancement in
the symmetric A+A collisions, where the target and projectile equally contribute. From
this consideration alone must be expected that measured nuclear enhancement in A+A
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Figure 8.7: a) The enhancement factor Em
pT

as a function of xF , b) target and projectile con-
tributions as a function of xF at pT = 1.8 GeV/c, and c) efficiency function ǫ multiplying the
relative contribution from single collisions as a function of xF

collisions must be bigger than in p+A collisions. If however the projectile component
is properly extracted the enhancement should tend to be equal at equal mean number
of collisions 〈ν〉 per projectile participant, unless new physics phenomena are present in
A+A interactions.

8.3.4 Enhancement of the projectile component from multiple collisions

The large probability of single collision P (1) in minimum bias p+C interactions, which is
about 0.6, gives a strong influence on the measured pT enhancement, as enhancement from
such interactions should be equal to one. This influence with xF can be described by a
multiplicative weight function ǫ(xF ) which is shown in Fig. 8.7c. This function approaches
value of 1.6 ∼ 1/P (1) for xF → 1 and reduces to ∼ 0.9 in the backward region. Using
this function the enhancement of the projectile component from multiple collisions can
be expressed as:
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Eproj
pT ,mult =

Eproj
pT

(xF ) − P (1)ǫ(xF )

1 − P (1)ǫ(xF )
(8.8)

The application of Eq. 8.8 results in a further increase of the pT enhancement over the
full xF range, as can be seen from Fig. 8.8.

8.4 A look into resonance decay

The production and decay of resonances plays a very important role in soft hadronic
processes. Here only some basic mechanisms which are of straight-forward kinematic
origin will be discussed.

8.4.1 Inclusive pion production from ρ and ∆++ decays

In Sect. 5.2 was pointed out that local structures have emerged in all inclusive distri-
butions, in the xF as well as in the pT dependences. These structures are significantly
different for π+ and π− and they are more pronounced in p+p than in p+C interactions.
Similar structures have been first observed at CERN PS in 1974 [80] and discussed in
relation to resonance decay. In fact, by using measured inclusive cross section for the
low-mass mesonic and baryonic resonances ρ and ∆++ such structures are readily pre-
dicted if the mass distribution of these resonances is properly taken into account. The
known charge dependence of mesonic and baryonic resonance production in p+p collisions
reflects to a distinct difference between π+ and π− as observed in the data. An example
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of pT dependence at fixed xF and xF dependence at fixed pT of pions produced from ρ
and ∆++ decay are presented in Fig. 8.9, showing that the salient features of the data are
predicted already from very restricted set of resonances.

8.4.2 Two-component picture in connection to ∆++ decay

The ∆++ resonance has well enough determined xF and pT inclusive distributions [29,
81] for the current purposes. The pT integrated xF distribution of ∆++ is presented in
Fig. 8.10 where also the constructed projectile and target components are shown.

The decay proceeds via a channel ∆++ → p + π+. The pT integrated xF distribution
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Figure 8.10: Two-component picture for ∆++
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of the projectile component of the decay products is shown in Fig. 8.11.
A first observation is that overall shape of the distribution is very similar to the

inclusive one Fig. 7.4, although there are deviations in detail, as can be expected from
the single low-mass resonance. This similarity especially concerns the pion feed-over into
the target hemisphere.

A second observation concerns the difference of the feed-over between pion and proton.
This difference has been already mentioned in Sect. 7.1.5, see Fig. 7.7.

This effect is connected to the mass dependence and is straight-forward consequence
of the Lorentz transformation between the resonance rest frame and cms of the collision.
The energy factor of this transformation is:

E =
√

m2
sec + q2 (8.9)

where msec is the decay particle mass and q is given by

q =
1

2mres

√

(m2
res − (mπ + mp)2)(m2

res − (mπ − mp)2). (8.10)

At the nominal ∆++ mass q is equal to 0.229 GeV/c which much less than the proton
mass. Therefore, in contrast to the pion, the proton receives a major fraction of the
resonance momentum in the cms of the interaction.

A third observation is connected to pT dependence of pions produced via ∆++ decays.
The xF distributions at several fixed pT value are shown in Fig. 8.12 which distributions
are obtained by studying ∆++ decay in bins of transverse momentum. The distributions
are normalized to unity at xF = 0 in order to calibrate the strong pT dependence of the
cross section. Clearly there is a steady increase of the feed-over range with increasing of
the transverse momentum. At the upper pT limit of the NA49 data of 1.8 GeV/c the
shape of the pion feed-over approaches the one measured for the proton.
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This third observation follows again the resonance kinematics. Low mass secondaries
with large transverse momentum are produced when the resonance mass is in the tail
of the Breit-Wigner distribution, as in the case of ∆(1232) these are values well above
2 GeV/c2. Correspondingly the decay momentum q (Eq. 8.10) of the decay is in the
order of 1 GeV/c which in turn reduces the mass dependence(Eq. 8.9) and increases the
feed-over range. It is therefore mandatory to take proper into account the resonance
mass distribution. This shows that resonance decay is very important source of “high pT ”
particles. In fact by using a sum of 13 measured resonances it has been demonstrated for
p+p collisions [82] that inclusive pion distribution from two body decays saturate yields
up to pT = 3 GeV/c and beyond over the full xF range. A modification of the resonance
spectrum towards higher masses in multiple collisions would be sufficient to also describe
the anomalous nuclear enhancement in this pT range, at SPS energies, without invoking
partonic or perturbative effects.



Chapter 9

Summary

The NA49 experiment is built for investigation of the hadronic interactions, ranging from
elementary hadron-proton through hadron-nucleus to nucleus-nucleus interactions. It
features large acceptance and particle identification via specific energy loss measurement.
This combined with the large statistical samples for different reactions allows for model
independent study of the hardon production. In this thesis the inclusive pion production
in p+p and minimum bias p+C collisions at 158 GeV/c beam momentum is presented.

The results come from samples of 4.8 million events in p+p collisions and 377 000
events in p+C collisions. The data cover range of 0 < pT < 2 GeV/c and 0 < xF < 0.85
in p+p interactions, and 0 < pT < 1.8 GeV/c and -0.1 < xF < 0.5 in p+C interactions.
Systematic and statistical uncertainties in p+p collisions are well below 5%, as in p+C
collisions statistical uncertainties are on the level of few percent and systematic errors
are less than 8%. The high precision of the data allows for the first time to observe local
structures in the data. These structures are more pronounced in p+p collisions than in
p+C collisions and are more expressed for π+ than for π−. They are present in both
xF and pT distributions in this way not allowing a simple analytic parametrization. The
existence of the structures is a direct manifestation of resonance decays.

The above mentioned local structures are also present in the y distributions. The high
precision of the data shows that mT distribution at y = 0 can not be described with
constant inverse slope T which contradicts the expectation for particle emission from a
thermal source.

The pT integrated quantities, like invariant and non-invariant yields as a function of
xF , first and second moments of the pT distributions have been obtained. The first and
second moments increase in p+C collisions compare to p+p interactions.

An extensive comparison of the NA49 results with the existing data has been made.
The p+p data show a very good agreement with measurements from [21], concerning the
double differential cross section, while large systematic deviations (up to 4σ) have been
found in comparison with [20]. In p+C case also an average deviation of 25% (3.6σ)
between NA49 and [35] results have been found. In two later cases the discrepancy is
not present in π+/π− ratio which indicate normalization problems in the old measure-
ments. Although the good agreement between NA49 and [21] results for the differential
data, a large discrepancies (up to 5σ) are observed concerning the pT integrated yields.
These discrepancies can be attributed to the limited pT coverage of the [21] which re-
quires extrapolation in order to integrate. This again shows that the simple Gaussian or
exponential parametrization, as used by [21], do not describe well the pT distributions.

The measurement of the trigger cross section and estimation of the trigger losses and
elastic contribution allow to derive the total inelastic cross section σinel. The obtained
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results, σpp
inel = 31.46 mb and σpC

inel = 226.3 mb, in both reactions p+p and p+C are in
very good agreement with the existing measurements.

The detailed study of the pT integrated distributions as well as the pT dependences in
the p+C collisions in relation to p+p interactions leads to the number of conclusions:

• It is clearly established that p+p reaction is composition of two independent com-
ponents: projectile fragmentation and target fragmentation.

• In addition to these two components there a third component in p+C collisions,
intranuclear cascading, generated by the propagation and interaction of the partici-
pating nucleons and secondary hadrons inside the nucleus.

• In both reaction the components have been isolated and quantified.

• Intranuclear cascading governs the far backward region and decreases towards xF = 0.
Its contribution at xF = -0.1 is at the level of only few percent to the total pion
yield.

• The target and projectile components overlap in a limited range around xF = 0. The
extent of this range depends on particle type (its mass) and transverse momentum.
It is limited to |xF | = 0.1 for the pT integrated pion yield and to |xF | = 0.25 for
pT = 1.8 GeV/c.

• Due to the forward-backward symmetry in the p+p case the target component at
given xF has to be equal to projectile component at reflected with respect to 0 xF

value, i.e. t(xF ) = p(−xF ).

• The total pion yield from target component in p+C collisions corresponds on average
to 1.6 participant target nucleons which is significantly below (4σ) the expectation
from measured nuclear parameters. Target fragmentation in this case reveals a
detailed charge dependence, reflecting the isospin composition of the carbon nucleus.

• The π+/π− ratio approaches 1 at xF = -0.1 which is expected for isoscalar Carbon
nucleus. This approach is not smooth but a local maximum appears at xF ∼ -0.04.
A similar maximum has been observed in the forward region in 〈π〉+p reaction. This
structure indicates slight but significant difference in the feed-over shape for π+ and
π−.

• The projectile interacts on average 〈ν〉 inside the nucleus which leads to deviation
in practically all measured quantities in comparison to elementary collisions.

• The total projectile pion yield in p+C reaction increases by about 10% in comparison
to p+p collisions. This increase is concentrated around xF = 0.

• Above xF ∼ 0.2 pion yield in p+C interactions decreases steadily with respect to
elementary collisions. This decrease has a specific charge dependence.

• A detailed pT dependence of the projectile component in p+C collisions in compari-
son to p+p collisions has been established. Around mean transverse momentum this
comparison is characterized by important, charge dependent structures. A general
increase with transverse momentum is observed for multiple collisions.

• This increase is quantified by an enhancement factor which has a strong xF depen-
dence. The enhancement factor is corrected for the target contribution and single
collisions which don’t contribute to the enhancement.

• The relation to the anomalous nuclear enhancement (Cronin effect) is established
and it is demonstrated that a new assessment of this phenomenon is mandatory from
a purely experimental point of view.

• The resonance decays are very important for pion production, including “high pT ”.



Chapter 10

Summary of the main achievements
and results of the present study

The main results presented in the thesis can be summarized as follows:

1. dE/dx calibration of the TPCs in p+C collisions has been performed which includes
corrections of the measured cluster charges for time dependence, track angles, drift
lengths, magnetic effects and sector constants, and forming of the truncated mean
value for each measured track.

2. Data sets of inclusive double differential cross sections of pions in p+p and minimum
bias p+C collisions as a function of xF and pT at 158 GeV/c beam momentum have
been obtained. These data sets are unprecedented in terms of phase space coverage
and precision.

Measured cross sections in p+p reaction cover range of 0 < pT < 2 GeV/c and
0 < xF < 0.85. The data are obtained by a sample of 4.8 million inelastic events.
The statistical and systematic uncertainties are well below 5% which allows for the
first time to observe local structures in both xF and pT distributions.

In p+C reaction a sample of 377 000 inelastic events has been used. The data cover
phase space ranging from 0 to 1.8 GeV/c in pT and from -0.1 to 0.5 in xF . The
statistical uncertainties are on the level of few percent and systematic errors are less
than 8%. As in p+p case local structures are found.

The measured cross sections have been parametrized as a function of xF and pT .
These parametrizations have been used for determination of pT integrated yields
quantities, like invariant and non-invariant yields as a function of xF , first and
second moments of the pT distributions.

3. The double differential cross sections and pT integrated yields has been compared
with available measurements. Systematic deviations (up to 5σ) between the NA49
data and some of the previous results have been found.

4. The total inelastic cross section in p+p and p+C reactions have been measured:

σpp
inel = 31.46 mb ± 1%

σpC
inel = 226.3 mb ± 2.5%,

which are in good agreement with previous results.
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5. The pT integrated distributions of pions in p+C collisions as a function of xF have
been studied in comparison to p+p interactions. The following conclusions can be
drawn:

– It has been clearly established that pion fragmentation in p+p reaction is com-
position of two independent components: projectile fragmentation and target
fragmentation. These components have been isolated and quantified. They
overlap in the central region as the overlapping range is limited to |xF | = 0.1.

– In addition to these two components there is a third component in p+C col-
lisions, intranuclear cascading, generated by the propagation and interaction
of the participating nucleons and secondary hadrons inside the nucleus. These
components have been isolated and quantified.

– In p+C collisions the π+/π− ratio reaches one at xF = -0.1 which can be
expected from the isoscalar nature of carbon nucleus.

– The measured total pion yield from the target fragmentation in p+C collisions
corresponds on an average to 1.6 participating nucleons. This value is signifi-
cantly below (4σ) the expected mean number of collisions of 1.68 from measured
nuclear parameters.

– The ratio between pT integrated yield in p+C and p+p collisions for charged
pions reveals a charge dependence, reflecting the isospin composition of the
nucleus.

– Above xF ∼ 0.2 pion yield in p+C interactions decreases steadily with respect
to elementary collisions.

6. The pion production in p+C collisions have been studied as a function of pT in
comparison to p+p interaction. The results can be summarized as follows:

– A general increase at high pT in p+C collisions is observed for the full xF

range. This increase is quantified by an enhancement factor which has a strong
xF dependence. The enhancement factor is corrected for the target contribution
and single collisions which don’t contribute to the enhancement.

– The anomalous nuclear enhancement (Cronin effect) is measured as a function of
xF for the first time. It is demonstrated that new approach to this phenomenon
is mandatory from a purely experimental point of view.
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[15] I. Lehraus, R. Matthewson, W. Tejessy dE/dx measurement in Ne, Ar, Kr, Xe and
pure hydrocarbons, Nucl. Instrum. Meth. 200 (1982) 199-210

[16] H. Fischle et al., Nucl. Instrum. Meth. A301 (1991) 202

[17] H. G. Fischer et al., Nucl. Phys. A715 (2003) 118

[18] H. G. Fischer et al., Heavy Ion Phys. 17 (2003) 369

[19] G. J. Bobbink et al., Nucl. Phys B204 (1982) 173



BIBLIOGRAPHY 122

[20] J. R. Johnson et al., Phys. Rev. Lett. 39 (1977) 1173
J. R. Johnson et al., Phys. Rev. D17 (1978) 1292

[21] A. E. Brenner et al., Phys. Rev. D26 (1982) 1497

[22] Y. Cho et al., Phys. Rev. Lett. 31 (1973) 413

[23] J. Erwin et al., Phys. Rev. Lett. 33 (1974) 1352

[24] W. M. Morse et al., Phys. Rev. D15 (1977) 66

[25] D. Antreasyan et al., Phys. Rev. D19 (1979) 764

[26] D. Brick et al., Z. Phys. C13 (1982) 11

[27] J. L. Bailly et al., Z. Phys. C35 (1987) 309

[28] M. Adamus et al., Z. Phys. C39 (1988) 311

[29] M. Aguilar-Benitez et, al., Z. Phys. C50 (1991) 405

[30] C. M. Bromberg et al., Nucl. Phys. B107 (1976) 82

[31] C. M. Bromberg et al., Phys. Rev. D9 (1974) 1864

[32] T. Kafka et al., Phys. Rev. Lett. 34 (1975) 687

[33] V. V. Aivazyan et al., Z. Phys. C42 (1989) 533

[34] S. Uhlig et al., Nucl. Phys. B132 (1978) 15

[35] D. Barton et al., Phys. Rev. D27 (1983) 2580

[36] N. A. Nikiforov et al., Phys. Rev. C22 (1980) 700

[37] A. Carroll et al., Phys. Rev. Lett. 33 (1974) 928

[38] A. Carroll et al., Phys. Lett. 61B (1976) 303

[39] G. Bellettini et al., Nucl. Phys. 79 (1966) 609

[40] A. Carroll et al., Phys. Lett. B80 (1979) 319

[41] B. Bobchenko et al., Sov. J. Nucl. Phys 30 (1979) 805

[42] S. Denisov et al., Nucl. Phys. B61 (1973) 62

[43] A. Ashmore et al., Phys. Rev. Lett. 5 (1960) 576

[44] T. Sjostrand, Comp. Phys. Commun. 135 (2001) 238

[45] E. E. Zabrodin et al., Phys. Rev. D52 (1995) 1316

[46] V. Blobel et al., Nucl. Phys. B69 (1974) 454

[47] D. Brick et al., Nucl. Phys. B164 (1980) 1

[48] T. Susa et al. [NA49 Collaboration], Nucl. Phys. A698 (2002) 491

[49] S. Erhan et al., Phys. Lett. 85B (1979) 449



BIBLIOGRAPHY 123

[50] M. G. Albrow et al., Nucl. Phys. B56 (1973) 333

[51] M. G. Albrow et al., Nucl. Phys. B73 (1974) 40

[52] J. Singh et al., Nucl. Phys. B140 (1978) 189

[53] A. Bertin et al., Phys. Lett. 38B (1972) 260

[54] A. Bertin et al., Phys. Lett. 42B (1972) 493

[55] M. Banner et al., Phys. Lett. 41B (1972) 547

[56] L. G. Ratner et al., Phys. Rev. D9 (1974) 1135

[57] P. Capiluppi et al., Nucl. Phys. B70 (1974) 1

[58] M. G. Albrow et al., Phys. Lett. 42B (1972) 279

[59] B. Alper et al., Nucl. Phys. B100 (1975) 237

[60] K. Guettler et al., Phys. Lett. 64B (1976) 111

[61] M. Banner et al., Nucl. Phys. B126 (1977) 61

[62] R. D. Field and R. P. Feynman, Nucl. Phys. B136 (1978) 1

[63] E. A. J. M. Offermann et al., Phys. Rev. C44 (1991) 1096

[64] I. Sick, Phys. Lett. 116B (1982) 212
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