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1 Introduction

The earth is permanently exposed to an almost isotropic fioeharged particles,
called cosmic rays. These particles are the only baryonitemehich reaches the
earth from outside our solar system. Cosmic rays provide rapbinformation on
our Milky Way and even about more distant regions. Howewsneafter more than
90 years after the discovery of cosmic rays, their sourceglaration mechanisms and
propagation is not yet understood. Many astrophysical nsafesources of cosmic ray
particles and their acceleration processes have beenggdp®o distinguish between
the different models, energy and elemental compositionsoremnents are of central
importance.

The all-particle flux of cosmic rays is relatively well knowmer a large energy range.
However, the investigation of the composition of cosmicsresymuch more difficult.
Below 10°eV cosmic ray particles are measured directly by balloon satéllite
borne experiments. Above this energy the particle flux bexsoso low that large de-
tection areas on the surface of the earth are necessarye aaay experiments like the
KASCADE experiment [1] at the Forschungszentrum Karlsruindthe Pierre Auger
Observatory [2] in Argentina apply an indirect measurenmethod to study cosmic
rays at these energies. They detect secondary particldaged in extensive air show-
ers (EAS), which are initiated by interactions of cosmic payticles with air nuclei
(nitrogen or oxygen) in the earth’s atmosphere. For exanggbeoton with an energy
of 10*°eV produces an EAS of more than one million secondary pasticThree com-
ponents of EAS can be distinguished: the hadronic compdipéms, kaons, nucle-
ons), the muonic component and the electromagnetic commpd@plkotons, electrons
and positrons).

One method to derive the energy and particle type of a prirparticle of an EAS is

to identify muons and electrons separately on the groungedially the number of
muons in an EAS is an important observable to infer the gartype and the energy
of the primary particle. Due to the fact that muons are decayglyrcts of mesons
and decouple from the shower cascade, they are very senwtithe characteristics
of the hadronic component and to the primary particle type. aflditional method

is the detection of fluorescence light emitted by interaxtiof charged particles with
nitrogen molecules in the atmosphere.
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To derive information on the primary cosmic ray particlenfrthe measured secondary
particles at the ground, detailed EAS simulations are rsegs Quantum Chromo-
dynamics (QCD), the theory of the strong force, does not piea framework for
analytical calculations of the hadronic interactions inE&S. Instead various kinds
of phenomenological models with many free parameters have tapplied in EAS
simulations. To improve the reliability of the model pretas, the models are tuned
to describe accelerator data. In modern EAS experimergsmtideling of hadronic
interactions in simulations of EAS is the main source of eysitic uncertainty and,
therefore, the interpretation of EAS data depends strooglyhe applied simulation
models.

For example, KASCADE measurements of the cosmic ray composit the energy
region of about 310 eV are derived from the electron and muon numbers measured
at the ground [3]. In this energy range the decrease of thelesiiux with increasing
energy becomes stronger, a feature which is callektieein the cosmic ray spec-
trum. Astrophysical models predict for this behaviour araekteristic change of the
elemental composition of cosmic rays. A shift in the eleraeodmposition of cosmic
rays to heavier elements at higher energies is expecteiankrgy range. The model
predictions differ on whether this behaviour scales withghrticle mass or the charge.
Thanks to the very high data statistics and high data quailithe KASCADE experi-
ment, it should be possible to make a decision on this quegtlowever, dependent on
the used hadronic interaction model for simulating refeeeshowers, different results
are obtained.

The aim of this thesis is to improve the reliability of EAS silations by investigating
the role of hadronic interactions for muon production. Tim@artance of low energy
interactions is discussed and it is argued, that currerd fexgyet experiments can help
to reduce uncertainties in the low energy range. This is detnated by analyzing data
of one fixed target experiment on proton and pion interastioith a carbon target and
by comparing the obtained production spectra with modeliptiens.

The outline of the thesis is as follows. After introducing strophysical motivation
of EAS measurements in chapter 2, the low energy hadrongcaations are spec-
ified which are important for the muon production in EAS. Hoiststudy EAS are
simulated with a modified version of the simulation packageRSTKA [4]. In par-
ticular the energy and the phase space regions of seconaldigig production, which
are most important for muon production, are investigatediitail and possibilities to
measure relevant quantities of hadron production in exgstind planned accelerator
experiments are discussed (chapter 3).

The fixed target experiment HARP at the PS accelerator at CERBrsdhre energy
and phase space region of importance for muon productioAB. E the second part
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of this thesis, the HARP spectrometer is introduced (chaptemnd the analysis of
momentum spectra of secondary andr— in p+C andrrt+C collisions at 12 GeV/c
is presented in chapter 5. In chapter 6 these data are usedttthé predictions of
hadronic interaction models for muon production in EAS amelp+C data are com-

pared to very preliminary HARP results on p#8hd p+Q reactions. A summary and
conclusions are given in chapter 7.
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2 Cosmic rays and extensive air
showers

2.1 Cosmic ray flux

Cosmic ray particles are the only available extrasolar b@acymatter which reaches
the earth and can be studied. Therefore the analysis of caayiparticles is a key
for getting information about distant regions in our galaxyeven from outside of our
galaxy. Origin, acceleration, energy and elemental comtipo®f cosmic ray particles
are central questions of astroparticle physics today.

One of the main problems of determining the origin of chargesimic ray particles
is the influence of structured as well as irregular magnegidgiin our galaxy and in
the intergalactic space on moving charged particles. Thereosmic ray particles
move on chaotic paths. Any information on their directioffost and the trajectories
do not point back to their sources. Only at ultra-high eregirotons with energies
of about 18°eV have a very strong magnetic rigidity and they can possibbyide
information on their original direction. However, thesadies are very hampered by
an inadequate statistics of high energetic protons.

In contrast, gamma-rays and neutrinos are not influenceddgyetic fields and hence
carry information on their origin. In the energy range up @9 TeV gamma rays,
produced as decay products of particles which interact adttelerated cosmic ray
particles in the sources, could be used to detect cosmicotages. Favoured sources
of cosmic ray particles are supernova explosions, pulsatsse galactic nuclei and
guasars, but a proof of this assumption is not yet made.

A common assumption is that the cosmic ray particles gaiim #dreergy due to ac-

celeration in the sources [5]. Additionally, an reacceieraof charged particles by
interactions with extensive magnetic clouds during thedpagation from the sources
to the earth is possible. The favoured model for energy ggiprocesses is accel-
eration by magnetic shock fronts in supernova remnantsT6]accelerate particles
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Figure 2.1: Relation of magnetic field strength in possiblenaic ray sources and the

size of the corresponding acceleration region [9, 10]. Eongarison the
characteristics of the large hadron collider (LHC) at CERN alcieal.

they have to be confined into some "acceleration region’. @enisg the acceleration
mechanism by relativistic shock waves similar to the pregesupernova explosions
the maximum acceleration energy of a particle with chargegiven by

Emax = 10'8eV 7 (k—sc) (u%) , (2.1.1)

wheref is the shock velocity in units af, B is the magnetic field strength in the source
andR the size of the acceleration region. The relation betweegneizc field in the
source and size of acceleration region for various possdleces is shown in Fig. 2.1.
All possible source objects are below the diagonal line aedhat able to accelerate
protons up to 1&eV. Supernova remnants (SNR), for example, are believedato pr
vide proton acceleration up to 3V [7]. Recently, Lucek and Bell [8] proposed a
nonlinear magnetic field instability that could explain egies up to 1&8eV.

The particle flux (selected measurements) of cosmic rayw/kro date is shown in
Fig. 2.2. The flux is scaled by a fact@&>® to visualize specific structures in the
spectrum. The energy range is chosen frot?&¥ up to the highest energies of the
cosmic rays of about 8eV. At the lower edge of the energy spectrum particles are
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Figure 2.2: Cosmic ray flux scaled by the facf°. The measurements from
KASCADE, KASCADE-Grande and Auger are highlighted by colalre
marks [11, 12, 13, 14].

detected directly by satellite or balloon borne experirmen®ince the particle flux
becomes very weak at higher energies a large detection sueeeded. Therefore,
secondary particles, produced in a cascade initiated bgtaraction of a cosmic ray
particle with an air nucleus of the earth’s atmosphere, agasured by large array
ground based experiments (see chapter 2.2). The uppermdthieabscissa shows the
corresponding center of mass energy of collider experimdhbne keeps in mind that
the highest energy reached by accelerators today (TeYat iy, = 1.92- 10°eV,
this gives an impression of the energies of the highest aosayis. The spectrum
mainly follows a power lawdN(E)/dE ~ EY. Three special features of the cosmic
ray spectrum are in particular noteworthy. All these stiues are characterized by
changes in the slope of the spectrum.

The structure at 310'°eV is called theknee At this energy the indey of the power
law changes from approximately -2.7 to -3. Two differenempretations of this phe-
nomenon exist and are supported by various models. Thebp@ssiplanations have
in common that the energy where the slope is changing depentige particle com-
position of the cosmic rays.
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e One class of models assumes a dependence on the charge afsthie cay
particle. This can be understood in the sense of a rigidigcef Particles with
a small charge numbét (e.g. protons) are less strongly bound in the magnetic
field of our galaxy and can easier escape from the galaxy thercies with a
larger charge number (e.g. iron nuclei). Additionally, Hueeleration process
of charged patrticles is not as efficient for particles withafier charge number
as it is for particles with largez. According to this interpretation this leads to a
knee structure for iron nuclei at a 26 times higher energg tbaprotons.

¢ In contrast, the second class of models predicts a depeadétice knee on the
particle mass. These models consider new interaction efgnchanges in the
characteristics of multiparticle production at these gie=; or new energy loss
processes. The cannon ball model [15] provides an altemexiplanation. This
model is based on the assumption that blobs of matter (ca#ledon balls) are
ejected in jets of supernova explosions. Following thigidesmic ray particles
get their energy mainly from elastic scattering. These axgqiions lead to a
knee structure at a 56 times higher energy for iron nuclei tbaprotons.

At energies above 3L0'eV the spectrum flattens again. This feature is called the
ankle One interpretation of the ankle is the transition from ga¢ato extragalactic
cosmic rays. At these energies particles with small chauyeber are no longer con-
fined to the galaxy by the magnetic field. Heavier nuclei wattgérZ are bound up to
higher energies, which leads to an enhancement of heavigelesa in the cosmic ray
flux at these energies. If the extragalactic compositioroghuc ray particles consists
mostly of protons, the transition from galactic to extragdlc cosmic rays results in a
transition from heavier to lighter elements.

At ultra-high energies it seems that the cosmic particle idusuppressed [16]. One
possible explanation is the theoretically predicted Gmigatsepin-Kuzmin (GZK)

cut-off [17, 18], which describes the inelastic interastmf ultra-relativistic protons

with gamma quanta of the 2.7 K cosmic microwave backgrourngraby the protons
lose part of their energy by the production of pions. Altérrey, the suppression of
the flux at highest energies could be a consequence of missimges providing a
mechanism to accelerate particles at such high energes§,ige2.1.

To answer these questions about the phenomena behind ubtusts of the cosmic
ray spectrum a detailed study of the elemental compositidmeocosmic ray particles

at the corresponding energies is necessary. Due to the Idiglpdlux of cosmic rays
with energies above 1BeV, the indirect study of cosmic rays by analyzing extensive
air showers becomes important at high energies.
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2.2 Extensive air showers

If a cosmic ray particle enters the earth’s atmosphere, @maation with a nucleus
of an air molecule (mostly nitrogen or oxygen) in the uppen@dpheric layers oc-
curs. Hereby many secondary particles are produced, mdbeof are mesons but
also baryons and leptons are produced. The mean free pdtbsef particles depends
on their cross-section, their lifetime and the density efdtmosphere. The secondary
particles undergo collisions with air nuclei or decay irighter particles. This leads
to a cascade of a multitude of particles. This phenomenonasvk as extensive air
shower (EAS). In an EAS initiated by a primary proton with arergy of 16°eV,
about one million charged secondary particles are produtieel development of par-
ticles in an EAS is depending on the relation between theant®n frequency of a
particle and its life time. Hereby typically Lorentz facsasf about 16 to 1P have to
be considered. The particles in an EAS penetrate the atraosplith nearly the speed
of light while they are concentrated in a slightly parabdlisc of about 1 m thickness
near the shower axis. Due to the time delay of multi-scatteaaticles the thickness
of the disc is broader to the outer regions. During showeeldg@ment through the at-
mosphere, first the number of particles increases until amar number of particles
is reached. The shower maximum occurs typically at a heighbout 5000 m over
sea level for a vertical proton induced shower ot%€V, whereas the maximum of a
10?%eV proton shower can reach the ground at the detection Ié¥eécAuger detec-
tor array (1500 m). After the shower has reached its maxinheparticle production
in an EAS is less efficient than the decrease of the numberrtities by ionisation
energy loss and decays.

Figure 2.3: Sketch of an extensive air shower. The threerdifft shower components
are shown in a schematic way and highlighted by colours f@emagnetic
= blue, muonic = green, hadronic = red).
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Three main components of an EAS are distinguished, therefaagnetic, muonic and
hadronic components, which are schematically indicatddgn?2.3.

e The hadronic component mainly consists of charged pionsdswof a smaller
part of kaons and also baryons, in particular neutrons. IBAS initiated by an
atomic nucleus also fragments of nuclei are part of the hmadhower compo-
nent.

e Electrons, positrons and gamma quanta constitute ther@heagnetic shower
component. The main contribution to the electromagnetawsn component
stems from the decay of neutral piorg? mesons have a short life time.48-
10-17s[19]) and decay mainly (branching ratio of 98.798% [19{pitwo gamma-
guanta, which produce electron-positron pairs. An altarealecay channel is
™ — y+ et +e . These particles undergo inelastic scattering and produce
again gamma-quanta (Bremsstrahlung).

e The muonic shower component is fed by the decay of chargedmegeamely
" — pTvy (branching ratio of 99.9877% [19]K+ — u* v, (branching ratio
of 63.44% [19]). Muons loose their energy mainly by ionisatprocesses in the
atmosphere and have therefore a long range and many of tlaehtfee ground.
Only the low energy muons (few GeV) decay into electrons sitpans and neu-
trinos (U~ — e~ vevy, ~ 100%) and thereby contribute to the electromagnetic
component.

Detailed air shower simulations are used to study the varataracteristics of EAS.
The Monte Carlo based CORSIKA [4] program complex is frequeuntigd for air
shower simulations. A detailed description on CORSIKA is giwe the additional
chapter 2.3.

In Fig. 2.4 a comparison of the electromagnetic and muonowveh component of
showers with a primary energy of eV is shown in a longitudinal shower profile as
well as in the lateral particle distribution on ground [2The total number of shower
particles is dominated by the shower electrons. After tlosvein maximum is reached
the electromagnetic component is absorbed much fastertbigamuonic one. Com-
paring proton and iron induced showers the larger total rernob muons in an iron
induced shower might be understandable by the smaller gperghucleon, that leads
to lower energetic pions. This favours a pion decay into nsuddowever, an addi-
tional influence is the fact, that the first interaction of @mishower happens at higher
altitudes, where the density of the atmosphere is smallgis favours inelastic colli-
sions with air nuclei. Also the lateral distributions of tthiéerent shower components
of an EAS deviate from each other. Due to the higher altitudéh@® muon origin
muons can reach larger lateral distances on the ground ninast, electrons reaching

10
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Figure 2.4: Comparison of electromagnetic and muonic shoam@ponents [20]. Left
panel: longitudinal shower profile of proton and iron inddisowers with
a primary energy of 1 eV. Right panel: lateral shower particle distribu-
tion on ground of a 1 eV proton shower. Shown are the number of
electrons withEyj, > 250 keV and muons witEyj, > 250 MeV.

the ground are produced at smaller altitudes. This leaddléadter lateral distribution
for muons than for electrons.

The number of muons and the number of electrons reachingrthend in an EAS
are ingredients to infer the type of the primary particle @sdenergy. The muon
component is very sensitive to the characteristics of hadnmteractions. Once the
hadronic shower particles have reached an energy at whalgeth pions and kaons
decay, they produce muons which decouple from the showeadasand hence carry
information on hadronic interactions in EAS. Thats why theomic component is a
composition-sensitive observable. The electromagnetigponent of a shower is well
determined by the altitude of the shower maximum in the apfthere and in this way
by the energy of the primary particle. Due to the electronetigrcascade, having a
short radiation length of. 36 g/cnf, most of the information on the initial distribution
of photons produced in® decays is lost.

An air shower simulation with the implemented low energyroadt interaction model
GHEISHA [21] and the high energy model QGSJET [22] shows theetation of
electrons and muons depending on the primary particle aadygnsee Fig. 2.5. The
simulation is done for different primary energies startiramn 10"*eV up to 13%\V.
This is indicated by "islands" in the diagram. This corr@atof number of muons and
electrons to the properties of the primary particle is usga@fmain method to extract
the primary mass and energy by measuring secondary partioléhe ground.

This method is applied by the KASCADE experiment [1] locatetha Forschungs-

11



CHAPTER 2. COSMIC RAYS AND EXTENSIVE AIR SHOWERS

108 R B e e A BR st e
I QGSJet, proton N ]

S 10'F iron - .
Q E - E
o -
— +
A:. 106
ul E % 3
=1 s
b 5 i 1
é) 10 E_ E. Eg ?+ _§
S o, ]
IS [ ]
Y— 4 #‘ +y
o 10" F R E
= 3 e E
] E PR E
_g L ]
=} 3 "“ﬂ' ‘:‘;*fi
zZ 10°f il il 3

10> 10° 10* 10° 10° 10" 10® 10° 10%
Shower size N , (Eg>1 MeV)
Figure 2.5: Distribution of total muon and electron numbemoound for proton and

iron induced showers of different primary energies stgrfiom 10-%eV
(lower left) up to 1%V (upper right).

zentrum Karlsruhe. An array of ground detectors measuresmand electrons sep-
arately for each shower by using scintillators below a 10eadllayer for measuring
muons and scintillators above the layer for electrons. Tieggy threshold for muons
is 250 MeV. KASCADE is designed for measuring EAS in the eneange around
the knee (310%°eV). The results of an unfolding analysis of KASCADE data [8] i
shown in Fig. 2.6. For some of the five element groups ind&idtnees can be clearly
seen. However, no decision can be made concerning the depandf the knee either
on the charge of the primary particle or its mass.

For the unfolding used reference showers are simulated théhMonte Carlo air
shower simulation package CORSIKA (see chapter 2.3). Theatabysis is done
using three different combinations of implemented hadramieraction models. For
the two upper plots the hadronic interaction model GHEISBIASed for energies up
to 80 GeV and QGSJET for higher energies. Replacing QGSJHisitmulation for
the reference showers with SIBYLL [23, 24] clear differentethe resulting spectra
become remarkable (middle plots). However, the analysisti®nly dependent on the
high-energy hadronic interaction model but also on the émergy interaction model,
what can be seen in the bottom plots. Therefore the highggmandel QGSJET is
used and the low-energy models GHEISHA and FLUKA [25], resipely.

A second method to get information about the energy and nfdke primary particle
of an EAS is the measurement of the fluorescence light enbitedtrogen molecules

12
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Figure 2.6: Cosmic particle flux for five groups of primary et types at the knee
energy region derived from electron and muon number medsatr¢he
ground with the KASCADE shower array [3]. The shaded bandgatd
the systematic uncertainty of the unfolding method.
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Figure 2.7: Longitudinal shower profile derived from the sw@w&ment of the fluo-
rescence light detected by the Auger Observatory [26]. Banparison
proton (left panel) as well as iron (right panel) inducedveéis simulated
with CORSIKA (GHEISHA and SIBYLL are implemented) are drawn.

in the atmosphere, which are excited by charged secondatiglps in an EAS. The
Pierre Auger Observatory in the pampa of Argentina detéet$ltiorescence light of
EAS with a primary energy in the range of @V with four telescope buildings, each
housing six mirror segments. The result of this measureisentongitudinal shower
profile shown in Fig. 2.7. In order to interpret this measugats, for this method it is
also necessary to have precise and reliable EAS simulations

Concluding from both methods the largest source of uncéytairdetermining the pri-
mary mass of cosmic ray particles is the limited knowledgsimiulating low-energy
as well as high-energy hadronic interactions in EAS.

Furthermore, the comparison of the results of both methedd to inconsistencies
as seen in the measurements of EAS with energies in the atilenrby the HiRes-

MIA Collaboration [27]. The HiRes prototype fluorescence detgpe and the MIA

muon detector array are operated in coincidence. In FigtHz8nean depth of the
shower maximum and the muon density at 600 m from the showeratdhe ground

depending on the primary energy are shown. Additionally,ghedictions of shower
simulations for proton and iron showers are included. Compahe data with the

predictions the behaviour of mean depth of the shower maxineads to conclusion
of a rapid change of the composition at this energy range iamxture of elements
to very light elements. However, looking at the dependericauwmn density on the

energy, the composition also changes from heavier to ligleaments, but starting at
much higher element number and corresponding to elemeatsanehan iron for the

higher end of the energy range.
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Figure 2.8: Mean depth of shower maximum (left panel) and maensity at 600 m
from the shower core (right panel) measured by the HiResMIkabora-
tion [27]. Additionally, model predictions are includeddaa fit to the data
is indicated by black solid lines.

In order to provide an improvement on the understanding o EBfeasurements it is
essential first to improve the precision and reliability leé hadronic interaction mod-
els used for the simulation of EAS. To tune and modify thesdet®measurements of
accelerator experiments are important. However, expatsneaching high energies
are collider experiments, which do not cover the phase spiaiteportance (forward
direction) for interactions in EAS. Fixed target experifsecover an energy range up
to several hundred GeV and have a good acceptance in therébdivaction. There-
fore, these experiments are suitable for tuning hadroreraction models at lower
energies.

As already mentioned muons carry an important informatiohadronic interactions
in an EAS and hence provide a contribution of the knowledgiemprimary mass and
energy. Due to the competition between interaction andyd@sast of the muons are
decay products of mesons that are particularly producedvirenergy interactions.
Recent model studies show that even at ultra-high showegiesgi13°eV) the pre-
dictions on the lateral distribution of shower particlepeled strongly on the applied
low-energy interaction model [28, 29], see Fig. 2.9. Theiaéwmns of the models are
especially large in the prediction of number of muons on treugd and for lateral
distances above 500 m. Latter has to receive attention diimited acceptance at
small lateral distances of large array experiments.
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Figure 2.9: Lateral distribution of particle densities #®&f, u* andy in a verti-
cal 10°eV proton shower predicted by EAS simulations using either
GHEISHA or FLUKA as low-energy hadronic interaction modelrela-
tion to the UrQMD model [28]. For energies higher than 80 GeVSJET
is used.

2.3 Air shower simulation with CORSIKA

2.3.1 Simulation package CORSIKA

CORSIKA [4] is the world wide most used program package for aitket Monte
Carlo simulation of EAS initiated by cosmic ray particles. COIRS generates the
hadronic and the muonic components as well as the electroetiagcomponent of a
shower. The user can choose between various primary peattjbs (proton, light nu-
clei up to iron, photons, and other particles), the energlythe angle of the primary
particle. All particles are propagated through the atmesphintil they interact with a
nucleus of an air molecule, unstable particles decay or eza&ch the detection level
or a defined energy threshold, below which they are discarBedeach particle the
decision between interaction and decay is made by a randoerafer chosen from
distributions and considering the corresponding proliadsipredicted by the imple-
mented models. All decay channels are considered if they Adwanching ratio larger
than 1%. In order to save computing time it is possible to thiha shower in such a
way, that only a randomly chosen fraction of secondary glagiin an EAS is followed
and stored.
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With CORSIKA, a detailed simulation code modeling most of thggical processes
that occur during the shower evolution is available on theketa The magnetic de-
flexion of the charged particles in the earth’s magnetic figldonsidered as well as
energy lost by ionization or radiation and multiple scatigrof muons in the atmo-
sphere. An additional option is the description of nucleagjinentation, by default
given by a realistic parameterization. Simulations with CO&Scan also be cal-

culated with total fragmentation and the evaporation ottgder nucleons, but also
without any fragmentation.

The earth’s atmosphere is by default described by the USiatdratmosphere pa-
rameterization [30], which is arranged in layers and cassi§ 78% nitrogen, 21.0%
oxygen and 0.9% argon. Additionally, other atmospheric et®dor different cli-
matic latitudes are implemented. For steeply inclined sirevalso the curvature of
the earth’s surface is considered.

The electromagnetic processes are by default describetieb¥E&S4 model [31],
which is a full Monte Carlo simulation program based on Quanklectrodynamics
(QED). EGS4 treats all common electromagnetic procesdeishvare important for
such a simulation. For electrons and positrons annihitattoemsstrahlung, multiple
scattering etc. are considered. Gamma-rays may undergo tGorsgatteringe™ e~
pair production and photoelectric reactions. Additiopgthoto-nuclear interactions
are implemented as well as" u~ pair creation.

Due to the fact that hadronic interactions can not be caiedlanalytically like the
electromagnetic reactions (see section 2.3.2), the CORSHeAmay choose between
several phenomenological hadronic interaction modelss&models are divided into
two classes depending on the energy range, where they caselde &or low ener-
gies (typically below 80 GeV) the GHEISHA [21] interactioautines, the FLUKA
model [25] and the microscopic UrQMD model [32] are avakabBecause the un-
certainties in hadronic interaction model predictionséase with the energy there
exists a larger sample of hadronic interaction models whrehoptimized for higher
energies. These models differ from each other in their aggres and methodical
structure. Where HDPM [33] is a pure phenomenological modei lew prediction
power, QGSJET [22, 34, 35], DPMJET [36] and VENUS [37] aredolasn the Gribov-
Regge theory [38]. In the case of the minijet model SIBYLL [23] the inelastic
cross-section is described by the rising number of produa@dets with increasing
energy.

In Fig. 2.10 thexap-distributions of charged pions produced in p+N interattiavith
a beam energy of 20 GeV (top panel) and 100 GeV (bottom panelslzown for
different hadronic interaction modelsgy, is defined as ratio of the secondary particle
energy and the maximum reachable energy which correspoaddynio the beam
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energy. These distributions differ distinctly for the difént models especially at low
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Figure 2.10: Predictions of different hadronic interaestinodels for pion production
in p+N interactions at 20 and 100 GeV lab. energy [29].

2.3.2 Hadronic multiparticle production and interaction
models

Hadronic interactions

The theoretical description of hadronic interactions isdahon Quantum Chromody-
namics (QCD). The main differences between the quantum fieldry of the strong
force (QCD) and the field theory of the electromagnetic foQED) are the differ-
ences of their exchange particles and their coupling catstd he exchange particle
of the QED is the photon which does not carry electric chaggdfi Therefore photons
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do not interact with each other. This is different for theagluthe exchange patrticle
of the strong force. Gluons are carrier of one colour changkome anti-colour charge
in such a way that they are colour charge neutral objectseftledess, gluons inter-
act with each other and hence provide the typical charatiesiof the strong force.
The coupling constants of the QED, and of the QCDas, show very different be-
haviours. Whereax allows the calculation of electromagnetic processes updiodst
energies,as makes a calculation of hadronic interactions only posdibieextreme
high momentum transfer caused by its magnitude and stroaiggependence. But
hadronic processes with a small momentum transfer are timendéing processes in
extensive air showers.

In accelerator experiments hadronic cross-sections artgtlpgproduction can only
be measured at relatively low energies. The particles wighhighest energies, which
could be reached in accelerators at the moment, are prodiutieel Tevatron collider
at Fermilab near Chicago with a center of mass energy/®f 1.96 TeV and the
laboratory energyE., = 1.92- 10°eV, respectively. In the near future a center of
mass energy of aboyts= 14 TeV, which is equivalent t&j,, = 9.8- 10'® eV, will be
reached by the large hadron collider at CERN in Geneva, Swatzér Nevertheless,
this energy is three orders of magnitude lower than the Isiggreergies of cosmic ray
particles which produce air showers in the earth’s atmasphfn additional limitation
of accelerator measurements is the accessible phase gp@eziments which provide
the highest energies are collider experiments and therefog not able to measure
secondary particles in the very forward direction. Howeparticle production in an
EAS is focused in the forward direction. Only fixed targetesiments can cover this
phase space region. But these experiments use only beanesngrgnaximal several
hundred GeV.

Due to the limitations of QCD calculations it is not possibereliably extrapolate
the results of accelerator measurements to higher enaages the forward phase
space. Additionally, it is not known, if new physical proses are existing or unknown
particles are produced at the high energies of air showeraations.

For the air shower simulations described in chapter 3, th&ISHA model is imple-
mented as the low energy hadronic interaction model and G8JET model is used
for the high energetic range. Therefore these two modeldeseribed in more detalil
in the following.
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Low energy model GHEISHA

Implemented in the GEANT3 package [39] the GHEISHA model] Jzds been used
for many years by high energy physicists to simulate theia @ad to determine the
detection efficiency of their detectors. In this way it hasdrae a reference standard
for high energy data simulation. GHEISHA is a purely phenonailegical model based
on the parameterization in energy and mass number of aat&etata. The mainly
used data are from p+p collisions and also some from p+A anil éatlisions. Sec-
ondary particle distributions are parameterized in depeod on projectile particle
type, target and energy. Proceeding from the used accaietata the particle distri-
butions and cross-sections are interpolated and extrigpoldia further phase space and
energy regions. The given application energy range of GHEI& from 0.1 GeV to
1000 GeV.

High energy model QGSJET

The hadronic interaction model QGSJET [22, 34, 35] is basethe Gribov-Regge
theory [38] and takes into account the production of migijdthe Gribov-Regge the-
ory is a relativistic field theory of quasi-particles callPdmerons. Pomerons are
effective exchange particles which carry the quantum nusbéthe vacuum. The
cross-section as function of energy could be calculatedinvijood agreement with
accelerator measurements by the exchange of these particlthe QGSJET model,
an interaction is described by a multi-Pomeron-exchangaipér critical Pomerons.
Nucleus-nucleus and hadron-nucleus cross-sections #ém@pebated from nucleon-
nucleon cross-sections by using the Glauber theory [403.Glauber formalism takes
into account the geometrical distribution of the nucleana hucleus and, for exam-
ple, the complex interaction of a projectile with severatleons of a target nucleus.
Interactions of secondary particles with each other or wgactator nucleons are not
considered in the QGSJET model.
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3 Muon production in extensive
air showers

3.1 General characteristics of muon production

Motivated by the measurement conditions of the KASCADE aftdyshowers with a
primary energy of 1¥ eV are considered and a muon detection threshold of 250 MeV
is applied. Using a modified version of the simulation paek@PRSIKA [4] two
samples of 1500 vertical and inclined (pQoroton and 500 iron induced showers
are simulated. This special version of CORSIKA stores thermé&tion of thelast
hadronic interactionwhere mesons are produced which decay into muons. Below
80 GeV the low-energy hadronic interaction model GHEISHA2(21] and above

80 GeV the high-energy model QGSJET 01 [22] are applied. iBxdhapter vertical
proton induced air showers are considered, batie€lined proton showers as well as
iron induced showers were also analysed. The results ayesiveilar to that of proton
induced vertical showers [41].

First, several general characteristics of the muon preglueh EAS are investigated
to answer the questions where and with what energy the muengraduced in an
air shower and where they reach the ground. In the followinly those muons are
considered that reach the ground level with an energy albevddtection threshold.

In Fig. 3.1 the production height of muons, which reach theecten level at differ-
ent lateral distances (top panel) and with various dete@iergies (bottom panel) is
shown. Many muons are produced in a height of about 5 km al@vedtection level,
which is corresponding with the shower maximum, where mbgh® particles in an
EAS initiated by a 18 eV proton are produced.

But also a lot of muons reaching the ground near the showeeicarith relatively
low energies are generated in a minor height above the d@tdevel. This behaviour
could be explained in the sense that close to the detectrehrigany mesons have lost
most of their energy and decay into muons.
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Energy independent secondary particles produced in hedrderactions have a typ-
ically mean transverse momentumm@f= 350 MeV. Therefore, muons reaching the
ground near the shower center with relatively high energresproduced at high al-
titudes, whereas muons produced at a similar hight and téekted larger lateral dis-
tances have less energy.
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Figure 3.1: Production height of muons for different lat€liatance ranges (top panel)
and dependent on the muon energy at detection level (bottoralp For
the upper plot a muon energy threshold at detection leveél 5250 MeV
is assumed. For the bottom plot the muon production heigstiasvn for
the limited lateral distance range from 50 m to 200 m apanhftiee shower
center.
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Most likely five consecutive hadronic interactions (numbggenerations) take place
before a hadron decays into a muon, see Fig. 3.2 [42]. The euwnfbgenerations

show only a weak dependence on the lateral distance andratbe aetection energy
of the muon. A weak trend could be noticed that a fewer numbprevious hadronic

interactions take place for muons in the shower core andfatsmuons with higher

energies. Additionally, it can be mentioned, that the dhation of the number of

generations show a long tail to a higher number of generstion
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Figure 3.2: Number of generations before producing a musibie at ground level for
various lateral distances (top panel) and for different mewoergy thresh-
olds (bottom panel) [42].
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To study the hadroniancestorof muons in EAS, the termgrandmothermndmother
particle are introduced for each observed muon. The grandmotheiclpais the
hadron inducing théast hadronic interaction that finally leads to a meson (mother
particle) which decays into the corresponding muon. Fig.ilBustrates the relation

of these particles to each other. Most of the grandmothernaoither particles are
pions, but also about 20% of the grandmother particles ackeans and a few are
kaons. Details of the composition of mother and grandmaplagticles are given in
Tab. 3.1 [41].

Figure 3.3: Sketch of the air shower development. The cebbyarticles represent
the ancestors (red = grandmother and orange = mother paréiod the
decay muon (green), respectively.

Table 3.1: Particle types of mother and grandmother pasditi a vertical proton in-

duced shower at 10eV [41].
| | mother| grandmothet
pions 89.2% 72.3%
kaons 10.5% 6.5%
nucleons - 20.9%

In Fig. 3.4 (top) the energy distribution of muons at detedéwel (1030 g/crf) is
shown for several lateral distance ranges. The muon enpaptresm has a maximum
at energies of approximately 4 to 11 GeV depending on thedladéstance. For lower
energies the number of muons on ground is getting smalleause either muons
decay into electrons and neutrinos or their energy is belmvdetection threshold.
In both cases these muons are not counted. Due to the typaoahverse momentum
of secondary patrticles in a hadronic interaction the marinmaf the muon energy
spectrum shifts to lower energies for larger lateral distsn
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The energy spectrum of the mother particles of the muons thstrdbution similar
to the muon spectrum. In Fig. 3.4 (bottom) the mother enepggtsum is shown for
pions as well as for kaons. In average kaons, which decaynuoimns, have a higher
energy than pions as mother particles, due to their shaigetirhe. Most of the kaons
have an energy of about 10 GeV and most of the pions of abouV/5 Sso the energy
fraction given to muons in the decay is important. At low gnes, mother particles
are not taken into account, if the produced muons eitherydactheir energy is below
the detection threshold. At high energies some mother nseganlost because they
undergo further interactions and do not decay into muons.
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Figure 3.4: Top panel: Energy distribution of muons for elifnt lateral distances.
Bottom panel: Energy distribution of pions and kaons as nmigibdicles.
Particle type of grandmother particle is not specified.
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3.2 Relevant interaction energies and phase
space

3.2.1 Energy range

Comparing thdastinteraction in EAS with collisions studied at acceleratarse has
to keep in mind that the grandmother particle correspontissttveam particle and the
mother particle is equivalent to a secondary particle pcedun e.g. a minimum bias
p-N interaction.

The energy spectra of different grandmother particlesyoced in vertical proton show-
ers are shown in Fig. 3.5 (top). They cover a large energyeamgto the primary

energy with a maximum at about 100 GeV. The peak &1@€V in the nucleon energy
spectrum shows that also a fraction of muons stems from defcanesons produced
in the first interaction in a shower. Furthermore, the steg0abeV clearly indicates a
mismatch between the predictions of the low-energy modeESHA and the high-

energy model QGSJET. In Fig. 3.5 (bottom) the grandmotheigimenergy spectrum
is shown for different ranges of lateral muon distance. Thg&mum shifts with larger

lateral distance to lower energies.

The most probable energy of the grandmother particle isinvittie range of beam
energies of fixed target experiments e.g. at the PS and Skefeators at CERN.

3.2.2 Phase space regions

The further study of the relevant phase space of the mothéclea is done for two
different grandmother energy ranges and muon lateralrdisteanges at ground level,
see Tab. 3.2. The lateral distance ranges are chosen todledgpical lateral distances
measured at KASCADE and KASCADE-Grande, respectively [13].

Table 3.2: Energy ranges, equivalent average energy and begaidity as well as
lateral distance ranges used for this analysis.

energy average| beam | lateral distance
range energy | rapidity range

KASCADE 80-400 GeV| 160 GeV 5.83 50-200m
KASCADE-Grande| 30-60GeV| 40GeV 4.45 200-600 m

26



CHAPTER 3. MUON PRODUCTION IN EXTENSIVE AIR SHOWERS

£ C
X LTI
LU 3 = ORI S
=5 10 =
~ - ° *a
Z A
© - o .~,
2 . o=t ‘e ."-
£ 10" L b
LlJ E : - ‘ "'.‘ .‘~.
C 'J. -, "'-‘
10 " MR
: ; LY
S e s
l E- 3 s,
= N i
e e K* e
101
= X
_ 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IEI'lli:lIJ. I 1
1 10 10? 10° 10* 10° 10°
E, (GeV)
£ F
X
w 3 o ma == 200m < R <500m
e 10 :_ o” ‘ b .
E - » —e— 50m <R <200m
© G 0m <R < 50m
£ S
=~ - R4
L 2
10% = §
= 2
C #
C #
414
- ‘H‘:
i
10¢ o
- % g i1
L g’:‘l.”
1_I IIIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII: J:I
1 10 10? 10° 10* 10° 10°
Eyn (GeV)

Figure 3.5: Energy distribution of grandmother particlasvertical proton show-
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For comparison with fixed target experiments the equivadeetrage energy, corre-
sponding to the beam energy, is given as well as the rapydian observable often
used in high energy physics which is defined as

Etot+pz)
—n(ZetrPz) 3.2.1
y < - (3.:2.1)

whereE;q is the total energyp; is the momentum component parallel to the beam
direction andmn, = +/ pt2+ ¥ is the transverse mass apgdthe transverse momentum.
For the calculation of the beam rapidity the approximatiggym= In(2Epeany Mpeam)

is used.

The reference frame of particle momentum vectors of muonshen and grandmother
particles is chosen in such a way that the momentum vectbeajrandmother particle
points in z-direction. The momentum vectors are transteiwehis system by rotation,
where the following matrix is applied to the original momemtvector

cos —sing 0 Py/ Pt —Px/ P 0
cosdsing cosdcosp —sinb | = | pzpx/[PlPt PzPy/IPIPt —Pt/|P)
sinfsing sinBcosp cosH Px/| p| py/| P Pz/|p|

This transformation corresponds to a rotation in two stépst, the momentum vec-
tor is rotated around the z-axis with the angl@nd in a second step with the angle
8 around the x-axis.px, py and p, are the momentum components before the rota-

tion, pr = /P + PZ the transverse momentum atm} = |/ p¢ + p2 the norm of the
momentum vector.

For this analysis théast hadronic interactions in EAS are distinguished dependent
on the particle type of the grandmother and mother partikieig. 3.6 the rapidity
spectra as well as the transverse momentum spectra ofediffgrpes of mother par-
ticles and for different types of grandmother particles sltewn. The energy range
for grandmother particles and the lateral distance rangeuains is chosen to corre-
sponding measurement conditions of KASCADE. In order to camaphese rapidity
distributions in a next step with simulations of fixed tardata, the mother rapidity is
divided by the rapidity of the grandmother labeled witham The rapidity spectra do
not have a clear dependence on the patrticle types of motlggandmother particles.
The transverse momentum spectra show a clear dependenbe omother particle
type. The transverse momentum spectra for kaons as mothmigmare harder than
for the pionp;-spectra.

In the following the investigation on the phase space isgedwon interactions in EAS
initiated by nucleons. In Fig. 3.7 the rapidity spectra oftihes particles (top: pions,
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Figure 3.6: Rapidity distributions (top panel) and transeanomentum spectra (bot-
tom panel) of mother particles for different mother and granther parti-
cle types. Energy range of grandmother particles and latestance range
of muons are chosen to match experimentally accessiblerregif KAS-
CADE.
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bottom: kaons) are compared to the spectra of secondarglpardf minimum bias
proton-carbon and proton-air collisions with a fixed enesgyulated with QGSJET
labeled adixed target The rapidity distribution found for the mother particlek o
muons in EAS are very similar to the rapidity spectra cakadaor single particle
collisions, if the spectra are scaled to the number of events

As a consequence of the different selection criteria, therdod hemisphere in the
mother rapidity spectra is clearly favoured compared tosghectra of secondaries in
minimum bias collisions. The reason for this behaviour esféct that the secondary
particles (pions, kaons) are measured directly in fixedetaggperiments whereas in
EAS an additional condition for the mother mesons is appligdorder to get the

information of the mother meson, it has first to decay into @mwhich is detectable.
At low rapidity the mother mesons are missing in the EAS dligtron because the
energy of the daughter muon is lower than the applied detedtreshold or the muon
decays and it is not visible.

The reason for the missing pions in the EAS distribution atttighest rapidities is the
interplay between decay and further interactions. Highigagnpions do not decay but
undergo further interactions. This effect is less pronednfor the kaon distribution,
because the energy, for which the probability of decay atetaation is of the same
order, is much higher for kaons than for pions.

No significant differences are found comparing the rapidiggributions of secondary
particles in proton-carbon and proton-air collisions.sTisBimainly caused by the simi-
lar number of nucleons in carbon and air (oxygen, nitrogemw)ei. Therefore, carbon
targets, which are easier to handle in an experimental apsarcan be used instead
of gas or fluid oxygen or nitrogen targets.
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Figure 3.7: Rapidity distributions of mother particles il curves) compared with
rapidity distributions of secondary particles in simuthgengle p+C (solid
line) and simulated p+air (dashed line) collisions [41]pTmnel: pions,
bottom panel: kaons. The energy range of the grandmothgcleas lim-
ited to 80-400 GeV and the lateral distance of the muons t@Dm to
match experimentally accessible regions. The fixed targiésion simu-
lation is done at 160 GeV, corresponding approximatelyeaiean grand-
mother energy. The rapidity is normalized to the rapidityref beam and
grandmother particles, respectively.
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In Fig. 3.8 the transverse momentum spectra of pions (tod)kaons (bottom) as
mother particles in EAS are compareddedistributions calculated for p+C and p+air
single collisions. Thex-distributions in EAS as well as the spectra for the two \@@si
of single collisions are very similar to each other. Only aafihending of the EAS
spectra s visible to larger transverse momentum due togpkea lateral distance cut.

The phase space regions of mother particles produced ilashateraction in EAS
are shown in Fig. 3.9. As the grandmother particle a nucleitim &mean energy of
160 GeV (Fig. 3.9 (top)) and 40 GeV (Fig. 3.9(bottom)) is agsrespectively. The
transverse momentum of the mother particle is plotted estapidity divided by the
rapidity of the grandmother particle which is equivalentiie beam rapidity in fixed
target reactions. On the left hand side these distribuao@shown for pions as mother
particles, on the right hand side for kaons. The maximumedetdistributions, which
shows the most important phase space region for the muorugod in EAS, is
from py =~ 0.1 GeV to 0.7 in relative rapidity units (for a mean grandneotenergy
of 160 GeV) and shifts to slightly highgx but stays at the same rapidity for a mean
grandmother energy of 40 GeV. In both cases the distribsitadrpions and kaons are
similar. For kaons higher particle transverse momenta ayee nmportant than for
pions. The phase space regions of relevance to EAS are suzeohar Tab. 3.3 and
indicated with the dashed (red) boxes in Fig. 3.9.

Table 3.3: Phase space regions of hadronic interactioegame for muon production

in EAS [41].
| average energy (GeV) y/Ybeam | Pt (GeV/c) |
160 0.3-1.1] 0.0-0.7
40 0.3-1.1] 0.0-1.0
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Figure 3.8: Transverse momentum spectra of pions (top pamel kaons (bottom
panel) as mother particles comparectespectra of secondary particles in
p+C and p+air collisions.
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3.3 Phase space coverage of fixed target
experiments

In the following the possibility of the experimental acabggy of the energy and
phase space regions of most importance for the muon preductiEAS is discussed.
The results of the simulation studies can be summarizedlas/f The beam energy
should be in the range of about 10 GeV to 1000 GeV. A reactigoratons or even
better pions with light nuclei (similar to oxygen and nitesgnuclei in the air) should
be investigated. The required experiment should be ablestsare secondary parti-
cles in forward direction and provide a good separation ocbsdary pions and kaons.
On the basis of these requests collider experiments aradeatidue to their limitation
of measuring particles in very forward direction. Therefdixed target experiments
are more suitable than collider setups. They cover the |pagrof the needed energy
range, have a good acceptance in forward direction, edlyeoiaton beams are very
common (also pion are kaon beams can be extracted by usirdgdioaal target) and
various kinds of targets also of light nuclei can be insendtked target experiments.
The most used light nuclei target is a beryllium target babal few experiments are
using carbon targets which are more comparable with airentithn beryllium.

In Fig. 3.10 the relevant phase space for pions producedaictions in EAS which
are initiated by nucleons is shown as box histogram. Onlggighich decay to a ob-
served muon are considered. The grandmother momentuneis gd/abscissa (labeled
asppeam and the mother particle observable as ordinate. On thbdeftl side the mo-
mentum of the mother particle (labeled@g is chosen as mother observable, on the
right hand side the mother observable is the angle betwe¢hemand grandmother
momentum (labeled aB). The size of the boxes indicates the relative importance of
the phase space region.

3.3.1 Existing p+Be data

A number of fixed target measurements with a good phase spaeeage are existing
for beryllium targets and a proton beam with low energ( GeV). However, data at
higher energy and in particular for pion projectiles areysvarse. A compilation of
existing p+Be target data is given covered by the shadedrgmoegions in Fig.3.10
(top), whereas the beam momentum, the secondary momenhge &g well as the
production angular range are added to the box diagrams f&. EA
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Figure 3.10: Coverage of the phase space regions of relewanEAS (box his-
tograms) by existing fixed target data using a proton beanadedyllium
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regions). Left panels: total momentum of secondary piongdatsll mo-
mentum of proton projectiles. Right panels: angle betweemband
secondary particle momentum vs. beam momentum.
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The compiled data were taken by single arm spectrometeriexpeats at CERN [44,

45, 46], Fermilab [47], at the Brookhaven Alternating Grad@ynchrotron (AGS) [48]
and at the Zero Gradient Synchrotron (ZGS) [49] at the ArgoNational Laboratory,

near Chicago, some decades ago. These experiments measundssg particles with

a string of magnets and threshold Cherenkov counters tunednsmit particles of a

given momentum at a time. This method leads to a very goodtfgaseparation but a
big disadvantage is that only one angle and one momentuntohdary particles can
be measured at a time. Therefore, data taken by these exgmsiare often restricted
to a few fixed angles and have a limited statistics.

The work of Eichten et al. [46] has become a widely used stahdzference data
set. This experiment used a proton beam with a beam momenit# GeV and

a beryllium target. The secondary particles (pions, kapnstons) are measured in
a broad angular range (17 mradf < 127 mrad) and in a momentum region from
4 GeV/c up to 18 GeV/c. Other measurements cover only a snaht of the phase
space of interest to EAS [48, 44, 45, 49, 47]. A measuremegriparing the CERN
neutrino beam experiments was performed by SPY/NA56 (NAS2)51]. Therefore,

a 450 GeV proton beam and a thick, pencil-shaped berylliugetavas used. Because
of the very limited angular rangé (= 0°) it is not included in Fig. 3.10 (top).

3.3.2 Existing p+C data

As simulations with hadronic interaction models show, thgiple production in p+air
collisions is more similar to p+C collisions than to p+Be t&ats because of the
smaller difference in the atomic mass. Fig. 3.10 (bottonowshthe p+C data which
were available up to the time of writing this thesis.

In the past the only measurement of p+C collisions, which madimited to a fixed
angle, was the experiment done by Barton et al. [52]. Thesa \date collected
using the Fermilab Single Arm Spectrometer facility in théBbeam line. A proton
beam with a momentum of 100 GeV/c and a thin carbon targe? (@) was used.
However, the phase space of the secondary particles (giaoss, protons) covers
only a very small part of the phase space of interest to EAS.

New p+C data at 12 GeV/c and 158 GeV/c, taken by the CERN expetsRARP [53]
at the PS accelerator and NA49 [54] at the SPS acceleratogvailable since 2006.
Both experiments consist of large acceptance detectorshanefore a large fraction
of the secondary phase space is measured.

37



CHAPTER 3. MUON PRODUCTION IN EXTENSIVE AIR SHOWERS

The HARP experiment is designed to measure hadron produgsimgy proton and
pion beams with momenta between 1.5 and 15 Ge&hd various targets (liquid as
well as solid) from light to heavier elements. It consistévad main parts, a forward
and a large angle spectrometer and hence covers nearlyrimate phase space. At
12 GeV/c the HARP p+C data cover secondary momenta agindrr from 0.5 GeV/c
to 8 GeV/c and an angular range from 30 mrad to 240 mrad. Alddtdescription of
the HARP detector is given in chapter 4 and more informaticougkhe analysis of
p+C, mt+C andmr +C data at 12 GeXkt can be found in chapter 5.

The NA49 experiment is a large acceptance hadron specteowgiich consists of
four time projection chambers (TPCs). The two vertex TPCsa@oatéd in a strong
magnetic field. They allow the measurement of charge and mtumeof the detected
particles. The two main TPCs are outside the magnetic fieldy @re used for particle
identification via dE/dx measurement. NA49 is optimized teasure the extremely
high multiplicity of secondary particles in e.g. a leaddeateraction at 158 GeV per
nucleon, whereby about 1500 charged secondary partidgzraduced. Also a lot of
combinations of beam types (p, C, Si, S, Pb) and targets (p,, &, $ib) are used at
different beam energies (20 to 200 GeV per nucleon [55]). Sémondary particles
(rrt, ) produced in p+C collisions at 158 GeV are measured in a bmo@tentum
range (0.85 GeV/g p < 82.6 GeV/c) and from very small angles up to 440 mrad [56].

3.3.3 Proposed experiments

An upgrade of the existing NA49 setup is planned [55] as aréupuoject NA61. In
summer 2006 a 7 day test run with a 200 GeV proton beam wasrpertbto check
the system. In autumn 2007 the first data will be taken using @€/ proton beam
on a carbon target. The number of events is expected to be a@8b@0°. The fore-
seen measurements of importance for astroparticle phgeagactions on p+C at the
energies of 30, 40, 50 and 400 GeV amtlC reactions at 158 and 400 GeV.

The study of the properties of hadronic interactions in EASspnted in this work

(section 3.1 and 3.2) have formed the basis of the cosmic ekeyant part of the

proposal for NA61. Other physics motivation for the planeag@eriment stems from
neutrino physics and heavy ion physics. Neutrino beam é@xgets need a precise
knowledge of secondary pion cross-section in p+A reactibesause the neutrino
beam is provided by the decay of pions produced in p+A reastidhe goal of the

heavy ion program of NAG61 is the study of the properties arggrinteracting matter
in equilibrium and the investigation of the phases of thigtara
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The first step to upgrade the previous experiment NA49 is tbdamisation of the
computer equipment and readout electronics as well as ghacements of the beam
defining counter in the trigger system and of the beam posd&iectors. Apart from
this, in a second upgrade step it is planned to increase e eate of the data acqui-
sition by a factor 20 by replacing the TPC readout by an ALI@E-bystem [57, 58].
Additional upgrades are planned to enlarge the TPC acoeptamd to measure the
number of non-interacting nucleons from a projectile nusl@ A+A collisions event
by event.

An upgrade of the MIPP experiment [59, 60] at Fermilab is néggproposed. MIPP
has similar measurement possibilities like NA61. The daigussition of MIPP is
faster but the separation of secondary kaons is not as gotbe ase of NA61. The
MIPP experiment will provide reactions on p+@+C andK+C collisions at 20, 60
and 120 GeV/c.
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4 The HARP experiment

4.1 Physics goals

The fixed target experiment HARP ("HAdRon Production”, PS214) ezmstructed to
measure the hadron production cross-sections of protahstarged pions on various
nuclear targets [61]. Precise and comprehensive studidseasecondaries of these
reactions at particle momenta of a few G&\are important for several areas of particle
physics.

¢ In a neutrino factory the neutrinos are decay products ofgathpions which
are produced in a reaction of a high-intensity proton beath svnuclear target.
To use this high beam power efficiently and for creating amenac design of a
neutrino factory precise knowledge of the number of produziens is of great
interest [62, 63, 64, 65].

¢ Reduction of the uncertainties in the knowledge of the atiesp neutrino flux
would improve the understanding of the neutrino oscillagid/,, — v;) [66].
The main uncertainty stems from the limited understandingh® interactions
of hadrons with nitrogen and oxygen nuclei in the atmosphdARP measure-
ments can contribute to a deeper understanding of thesgorea{c7, 68, 69,
70,71,72,73].

e One of the main problems of conventional neutrino beamseaddbt that their
composition, flux and spectrum is not well known. This leams tmajor lim-
itation of experiments using those beams. The reason o€ thesertainties
are the limited knowledge of pion and kaon production yiel@ieree neutrino
oscillation experiments are using HARP data. For MiniBooNE] [@nd Sci-
BooNE [75], p+Be data at 8.9 G&'¢ were taken using a thick beryllium target.
For K2K [76], a proton run at 12.9 GeM was performed and a thick aluminium
target was used.

e The three requirements mentioned above benefit directiy aidetter theoreti-
cal understanding of hadronic interactions. Tuning andweg hadronic inter-
action models need precise input data to enable more reabsults of Monte
Carlo simulations [77, 78, 79].
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4.2 Experimental setup

The HARP experiment [80] is located in the T9 beam-line of tlastEArea of the
Proton Synchrotron (PS) at the European Organization farlédm Research CERN
(French: Conseil Européen pour la Recherche Nucléaire) neaeva, Switzerland.
Protons with a momentum of 24 Gé¥ are sent from the PS to the North branch
of the East Area where they interact with a primary targetgilg aluminium). A
momentum and charge selected fraction of the producect|earis used as beam for
the HARP experiment. At 12 GeM most of the positive particles are protons, the
second largest fraction consistsmf and a small fraction are K electrons and other
particle types. The negative charge selected beam coms@itdy of 71~ and a few
K~. The momentum resolution of the secondary beam is about]%[8

Before the beam particles reach the HARP detector they padsetia instrumen-
tation. It is formed by a set of beam detectors and countepsawide the detection,
tracking and identification of the incoming beam particlevadi as to generate primary
signals for the trigger logic. For the detailed layout, seg £.1.

TPC [

target

Figure 4.1: Schematic view of the beam instrumentation.[&]r the beam patrticle
detection (tracking and particle identification), two thokeflight detectors
(TOF-A and TOF-B), two gas threshold Cherenkov counters (BC-& an
BC-B) and a set of four multi-wire proportional chambers (MWP(G1-4
are used. The trigger system consists of two scintillatiato ftounters
(HALO-A and HALO-B) and two special scintillation counter8g and
TDS). Detailed descriptions are given in the text.

The following detectors are employed for the beam partielection: A beam time-
of-flight system consisting of two timing detectors (TOFHQF-B) with an average
time-of-flight resolution of 100 ps together with two gasssinold Cherenkov counters
(beam counters: BCA, BCB) are used for beam particle identificatibhe beam
counters also determine the interaction time at the targbe impact point and the
direction of the beam particle are measured by a set of fouti-wire proportional
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chambers (MWPCs) with an accuracy of <1 mm and <0.2 mrad peegiion. The
MWHPCs are not only used for the tracking of the beam particlalsat for the off-line
reconstruction of the beam particle, the real time tuning)leeam quality monitoring.

The trigger system upstream of the HARP detector selects d geam particle. It
consists of two scintillation halo counters (HALO-A, HALB) and two special scin-
tillation counters called beam scintillator (BS) and targetining scintillator (TDS).
The halo counters are made of two scintillator slabs withrareéhole (diameter of
the hole: HALO-A: 9 cm, HALO-B: 3cm). HALO-A vetos all parties which did not
pass through BCA and BCB. The final step to improve the purity of gabis done
by HALO-B as near to the target as possible. Thus the haloteosiaccept only single
beam particles without any accompanying second partidledralo of the beam. BS
starts the decision logic of the trigger system and in cdeece with a TOF-B hit it
represents the lowest-level trigger. Additionally they&tiis surrounded by two trigger
detectors. The inner trigger cylinder (ITC) and the forwaiddger plane (FTP) se-
lect events with interaction and provide a trigger for laeggle secondaries emerging
from the target and for secondaries in the small angle regespectively. A standard
physics trigger condition for thin targets is BSTOF-A x TOF-B x (NOT)HALO-A

x (NOT)HALO-B x TDS x (ITC + FTP).

The HARP spectrometer consists of two main parts: a forwaddealarge-angle de-
tection system. The target is housed inside the large-apgletrometer which is com-
posed of a time projection chamber (TPC) and a system of inesistate chambers
(RPC) both inside a solenoidal magnet. The TPC provides traokjentum and ver-
tex measurements for charged secondary particles in adaangage from 20 up to
160° with respect to the beam direction. The particle identiftcais based on the
measurement of the energy loss in the TPC as well as the tifligtt measurement
in the RPCs. The setup of the HARP detector is shown in Fig. 4.2.
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ﬁ rthreshold Cherenkov

s dipole magnet

FTP + RPCs

Figure 4.2: Schematic layout of the HARP spectrometer [81je different detector
components are shown. The target is inserted inside the TPC.

Given the fact that this analysis is focused on the seconparycles in an angular
range up to 13.75 here the forward spectrometer is described in more déiail the
large-angle detection system. For more details about tge-angle detection system
see [80]. The forward spectrometer surrounds a dipole nagjttean integrated field
of 0.66 Tm. It consists of three walls of large planar drifantbers for tracking and
momentum analysis (The most downstream drift chambersrdyepartly equipped
with electronics and not used for tracking.) and detectorspfrticle identification
namely a threshold Cherenkov detector, a TOF-wall and atreteagnetic calorime-
ter. Additionally a beam muon identifier is placed behindftirevard spectrometer in
order to determine the number of muons in the pion beam.

4.3 Track and momentum reconstruction with the
forward spectrometer

Five large drift chambers act as tracking device for forwgwohg secondary particles.
Originally they were built for the NOMAD experiment (WA9632]. Two chambers
are placed directly upstream and downstream of the speetesrmagnet, three ad-
ditional chambers are located further downstream in ordesover a large surface
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between the Cherenkov detector and the TOF wall. Each drdintier consists of
four chamber components which are arranged in layers. fidgking system is shown
in Fig. 4.3.

=
)
0000000 POOPOOPOPOPOO

Figure 4.3: Event display [83] with the main detectors of thevard spectrometer
from left to right: First drift chamber, dipole magnet, seddrift chamber,
threshold Cherenkov detector and a set of three drift chambdules. The
hits in the road which form the track segments for this eveatwisible in
the chamber modules.

Track reconstruction proceeds as follows [81]. In a firsp dteo-dimensional track
segments are reconstructed in each chamber. At least séseards needed in one
chamber to form such a track segment. These segments aréneahtd three-dimen-
sional track fragments in a second iteration. Once this kas blone, these fragments
are merged with track segments in the other chambers ingerdrack fragments.
Finally, downstream tracks, with respect to the spectrematagnet, are extrapolated
back to the target plane (This method is called VERTEX2.)oa three-dimensional
track segment (called VERTEX4) in the drift chamber upstred the magnet. See
Fig. 4.4. The downstream track efficiency is almost 100%t earn be measured from
the individual chamber efficencies.

There are two momentum reconstruction methods that areedpfar this analysis
[81]. The momentum estimatqy is extracted from downstream tracks extrapolated
to the interaction vertex (VERTEX2). Only those tracks aceepted which have an
extrapolated point at the target plane with a distance todmeinal centre of the target
less than 20 cm. Another independent momentum estimat@&fiised asps. Hereby
the momentum is measured connecting a downstream traclesegyith the segment

in NDC1 (VERTEX4).
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VERTEX?2

NDC1

dipole magnet

target - -
beam

VERTEX4

NDC3

Figure 4.4: Two independent momentum reconstruction nusthoe applied [81]. For
both methods downstream tracks are extrapolated to aneapstbench-
mark. In the case of VERTEX2 the target is used as upstreastreont,
where VERTEX4 uses a track segment in the first drift chami&{1).

The fact, that the two reconstruction methods provide ieddpnt momentum esti-
mators and that p, and 1/ p4 have a Gaussian distribution around the inverse true
momentum 1p, allows a measurement of the tracking efficiency directhnfrdata.
(The curvature of a track is measured by its deflecfi@rirom a straight line which
has a Gaussian distribution and is proportional tp.1 One estimator is used for mea-
suring the momentum and the other one for measuring theitig@fficiency. p; is
preferred to determine the momentum since no track segmémet upstream chamber

is necessary for its calculation and the track efficiencyis thamber is lower than in
the downstream ones.

4.4 Particle identification

The particle identification for the forward spectrometebased on the measurements
of three different detector components [84]. The time-wfati measurement, for
which TOF-B in combination with the TOF wall system is usdthvas pion—kaon and
pion—proton separation to be performed up to 3 Gednd beyond 5 Ge)k, respec-
tively. Fig. 4.5 gives an impression how well this method kgfor the proton—pion
separation. The Cherenkov detector is used to separatefpoongprotons and kaons
above 2.5 GeYc and hadrons from electrons below 2.5 GeVAdditionally the sep-
aration of hadrons and electrons below 2.5 Gel cross-checked by the signal in the
electron calorimeter in order to study the Cherenkov peréme.
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Figure 4.5: Time-of-flight 8) distributions for pions and protons with momenta
3 GeV/cand 5 GeVc, for both data and MC simulation [84]. The data set
is a sample of beam particles, selected as pions or prototiseeldyeam in-
strumentation, in the following chapters labeled as “entatget data”. At
3 GeV/c the two populations are completely separated, and the atépar
is still very good at 5 GeYec.

4.5 Momentum calibration

The momentum calibration of the HARP forward spectrometepoise with three dif-
ferent methods [85]. The common idea behind these methddsuise data sets with
tracks which have a known momentum. The primary method isdfibration of the
momentum of the forward spectrometer with the beam parpeleetrating through
the detector without colliding with a target. This methoadadled “empty target” cal-
ibration. A second method is the use of known kinematicapertes of the elastic
scattering of a proton or pion on a proton in a hydrogen targae third method is
based on the precise time measurement of TOF wall. In thewoily the momentum
resolution and scale corrections obtained with these ttifferent methods are de-
scribed. Fig. 4.6 shows the phase space covered by theediffealibration methods.
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Figure 4.6: The phase space which is covered by the thrdgatin methods is indi-
cated by boxes and circles in tBep plane.

4.5.1 Momentum calibration using empty target data sets

Initially it was foreseen to use the “empty target” methodvasn calibration method

of the forward spectrometer. Empty target runs were takersifoenergies starting
from 1.5GeV/c up to 15GeVc. But this method has several shortcomings. Only at
fixed energies empty target measurements are availablelowiest momentum point

is relatively high and the most serious problem is the faat tihe direction of the beam

is fixed and therefore the calibration is only done for a venals central part of the
spectrometer. To cover larger angles the calibration © pésformed with the use of
elastic scattering events which is described in detailveelo

4.5.2 Momentum calibration using elastic scattering events

The idea of this calibration method is the fact that if onehaf kinematic observables
of one particle (e.g. the momentum or scattering angle o¢héered or the recoil par-
ticle) is known, the other kinematic observables are datexchby energy-momentum
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conservation. In this case the elastic scattering of twéopior a pion and a proton
is regarded, assuming that the scattering angle is measgerggrecisely. As target a
liquid hydrogen (H) target is used.

Energy conservation provides

Etarget+ Epeam= Escat* Erecoil - (4.5.1)

With the relativistic energy—momentum relatiB’ = p? +m? (convention: speed of
light c = 1) and the fact that the initial momentum of the target propgget= 0
follows

M+ /M2 + pp2 = /M2 + p2+ /M2 + p2 (4.5.2)

wheremy, is the proton massyy, the mass of the beam particle (in this case a proton or
a pion) andpy, ps andpy are the momenta of the beam, elastically scattered and recoi
particles.

Momentum conservation for the longitudinal momentum gives

Po|+ Py = Pr+Pg with py| = pp andpy =0
Pob = Pr-COS6 + Ps- COSOs (4.5.3)

and for the transverse momentum follows

PoL+ Pl = Proi+Pse with pp; =0 andp;; =0
0 = pr-Sin6; + ps-sinBs
B e Ps- SiNBs
6 = arcsm< o ) (4.5.4)

Inserting Eq. (4.5.4) in EqQ. (4.5.3) yields

Ps- SING.
%S)}

This equation is solved fqu;. After insertingp; in Eq. (4.5.2) the relation between the
momentum and the angle of the scattered particle is

Pred 8) = Poeam 2(MBeamt Moy MEeart Peam) COS6)
+V2{ (Mot MB+ PRt 27/ Mgt PR
(— MBagt 20+ MBegrc0520)) 1
/|2(mBeamt B+ Peamt 2T/ Mot Plean

—pﬁeamco§(6)>} , (4.5.6)

pr-cos[arcsin<— = Pp— Ps-COSBs . (4.5.5)

49



CHAPTER 4. THE HARP EXPERIMENT

where all momenta and angles are taken in the lab system. @pendence of the
expected momentum of the scattered particle on the secgjtangle is also shown
in Fig. 4.7. The solid (red) curve describes elastic sdatjefor a proton beam, the
dashed (blue) curve for a pion beam. The momenta of the sedfparticles are very
similar at small angles. For angles larger than 0.3rad thesndéference between
proton and pion becomes important.
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Figure 4.7: Momentum of a relativistic particle scatteredaoproton in a hydrogen
target as function of scattering angle (solid line: proteain, dashed line:
pion beam).

Elastic events can be readily selected from the data by imgp@®mbined criteria in
the large angle and forward spectrometer. The main setectiterion is the request
of exactly one proton track in the TPC (recoil particle) amdqgisely one track in
the forward spectrometer (scattered particle: proton on,pidepending on the beam
particle type). Further constraints are applied and sunzein Table 4.1. It should
be pointed out that no constraints on the momentum measuateie forward track
are set.

The accuracy of the determination of beam momentum andesicagftangle is very
good relative to the resolution of the secondary momentune Beam momentum is
known with an accuracy of 1% [80] and the angular resolutsoabiout 1 mrad [81].
A reconstruction uncertainty of 1 mrad corresponds @, uncertainty of 0.12%.
For p < 8 GeV the momentum resolution is only about 5% [85]. Usingptexicted
value of the momentum of the scattered partigigeo, at a fixed scattering angle and
the corresponding measured momentpoyxy; spectra of the following observable are
generated for different angular bins.
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Table 4.1: Summary of the criteria for selection of elastiergs from the data used
for the momentum calibration.

Event selection Beam angle < 0.005rad

Impact radius of beam < 8.0 mm

FW trigger

One and only one MWPC track reconstructed

Track selection Reconstructed VERTEX2
Reconstruction quality of main vertex < 200.0 mm
6<0.25rad

Particle reaches TOF wall
3 hits in road in NDC1

|6y] <0.1rad

1 1
A = — . 4.5.7
Hoscar ( Pscat ptheo) Piheo ( )

An example of these spectra is shown in Fig. 4.8 for protootgor collisions using a
proton beam with a momentum of 5 Gg&and a 60 mm hydrogen target. Additionally
similar spectra are analyzed for lower and higher beam mta{8rand 8 GeYc) and
for a thicker target (180 mm at 3 and 8 GA&Y.

14001
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number of particles
number of particles
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Figure 4.8: Example spectra of the variablg,  (Eq. 4.5.7) for a 5 Geyc hydrogen
data set (target: 60 mm). The spectra are generated for thdaaurbins:
0.06 -0.10rad (left panel) and 0.10 -0.15rad (right pan€l}. function:
double Gaussian (Eq. 4.5.8).

51



CHAPTER 4. THE HARP EXPERIMENT

These spectra are fitted with a double Gaussian functionthigtimean valug of both
single Gaussian functions being the same.

fdgaussian

fo

f

fo+ f1
Ao
V2moy

Ay

exp( -

(4.5.8)

N exp( —

As result of the double Gaussian fit of the spectra at the ttifeerent momenta the
momentum scale (equivalent to the mean of the fit function) the momentum res-
olution (RMS, equivalent to the width of the spectra) are tplbtas function of the
momentum shown in Fig. 4.9. The RMS is defined as the weightethrokthe two

singlea’s.
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Figure 4.9: Momentum scale (left panel) and resolutionhfriganel) as func-
tion of beam momentum in three angular regions (circles:6@frad;
squares:60-100 mrad; diamonds: 100- 150 mrad) [85].

The momentum scale decreases with larger angles but stayly eenstant for the
momentum. The momentum resolution shows a decreasingfivefatger angles but
increases with the momentum.
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The momentum resolution and scale measured with the eksttering method ex-
tends the calibration toward larger angles than probed thghempty target method
alone. Therefore, a larger range of the spectrometer igctaized by this method.

4.5.3 Momentum calibration using time-of-flight
measurements

Time-of-flight measurements are used for a momentum céliloren the momentum
range 0.7 GeYc < p < 3.0 GeV/c. In this momentum range, where the forward spec-
trometer has a good acceptance, pions are relativistic.refdre the time-of-flight

of pions depends only weakly on their momentum whereas the-tf-flight of pro-
tons shows a significant variation with momentum. This défe¢ dependence of the
velocity B on momentum for pions and protons is caused by the massaetitferof
these particles. The TOF walresolution in the chosen momentum range is typically
o(B)/B = 0.005. The velocity is calculated as ratio of the measured track length and
the measured time-of-flight. The width of t¥epeak for a sample of protons selected
in a small range in momentum shows a large sensitivity to tbenentum resolution.
To determine the momentum resolution in this way the tinspoase of the TOF wall
has to be measured for pions and protons separately.

For this analysis two data sets are used, namely p+Al datg §2t9 GeVcand p+Be
data set at 8.9 Gek¢. From these data a very clean sample of secondarys se-
lected by using the different particle identification methavhich are described in
chapter 4.4. In a similar way a clean sample of secondarppsois selected. The
negative pions also provide a perfect prediction for theabadur of the TOF measure-
ment of the positive pions. The data are divided into fourueagbins (30-60 mrad,
60-100 mrad, 100-150 mrad, 150-200 mrad ) and in small mametins. The size
of the momentum bins is chosen to be of the order of the exgestanentum resolu-
tion. In each of these binsfaspectrum is fitted by a double Gaussian function. The
fit function takes into account the width of the momentum land the calibrate¢d
resolution and uses the momentum resolution and momentala as free parame-
ters. (The amplitude is also a free parameter but not impofta this analysis.) The
RMS of the fit result leads directly to the momentum resolutow the position of
the 8 peak corresponds to the momentum scale. More detailedmatoon about this
calibration method can be found in [85].

Using the time-of-flight measurements the calibration eaisgextended to the region
of low momenta. Combining information from the three calttma methods the full
range of relevant angles and momenta is covered and thésr@glitate a good agree-
ment in the overlapping phase space [85].
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5 Analysis of pion production in
p+C and m=+C collisions

5.1 Data selection

The data sets which are used for the following analysis oftbss-section for positive
and negative pion production in p+C amd+C reactions at 12 GeXt were taken
during two short run periods (each only two days) in June aqteé®nber 2002. Over
one million events with positive beam and more than half &ionikevents with negative
beam were collected. For detailed event statistics seesThb.

The cylindric carbon target has a purity of 99.99%, a thide® 18.94 mm, a diameter
of 30.26 mm and its mass is 25.656 g. Derived from this theitlenEthe target is
1.88 g/cni. (For comparison the density of graphite is 2.27 gignThe thickness of
the carbon target is equivalent to 5% nuclear interactingtle (3.56 g/crf).

5.1.1 Event selection

First, for the analysis the favoured beam particle type liscsed by using the beam
time of flight system (TOF-A, TOF-B) and the Cherenkov coun{®&GA, BCB) as
described in chapter 4.2. The distribution of the positibbeam particles extrapolated
to the target is shown in Fig. 5.1. The position of the positiharge selected beam is
shifted by about 5 mm ig-direction with respect to the nominal position= 0;y = 0)
and covers a circular area of about 8 mm diameter. In the dasegatively charged
beam particles the beam hits the target more centrally atsita broader distribution
of about 14 mm width iry-direction. To keep the selection efficiency high and not to
take into account reactions at the target edge only pastiglthin a radius of 12 mm
are accepted for this analysis. Additionally the MWPC tragkedquired to have a
measured direction within 5 mrad of the nominal beam dioectd further reduce halo
particles. Applying these criteria the remaining numbeewénts for data sets with
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positive and negative beam are summarized in Tab. 5.1.
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Figure 5.1: Reconstructed position of positively (left parend negatively (right
panel) charged beam patrticles at the target plane. Thecuatld gives the
position and size of the carbon target (diameter: 30.26rtira)dashed cir-
cle indicates the region where beam patrticles are accepateidi$: 12mm).

Table 5.1: Total number of events in 12 G&\fcarbon target and empty target data
sets (For explanation see chapter 5.2.) and in correspgmdaonte Carlo
simulations (See chapter 5.4).

| | Carbon datd Empty target data Monte Carlo|

positive beam 1.062 k 886 k 23.4 M
accepted for p+C 467 k 287 k 20.3 M
accepted forrt+C 40 k 25 k 20.8 M
negative beam 646 k 531 k 23.4 M
accepted forr +C 350 k 214 k 20.8 M

5.1.2 Track selection

Secondary track selection criteria are optimized to enth@euality of momentum re-
construction and a clean time-of-flight measurement whegntaining a high recon-
struction efficiency. There are two kinds of acceptancegatconcerning the track
reconstruction quality and the geometric characterigiicthe tracks relative to the
forward spectrometer. These criteria are described indh@fing and a summary of
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track statistics for the three chosen data sets (g#GC, m +C) are given in Tab. 5.2.
In the end about 5% to 6% of tracks in accepted events are astdeeffurther analysis.

Reconstruction quality criteria

e Successful momentum reconstruction of secondary pattibenentum estima-
tor pp, see chapter 4.3).

e More than 3 hits in NDC2 and at least 5 hits in road in one of thendbers
NDCS3, 4, or 5 or at least 3 hits in one of the chambers NDC3, 4, 5namict
than 5 hits in road in NDC2.

e More than three hits in a road in NDC1 and averade< 30 for these hits
with respect to the track in NDCL1 in order to reduce non-targetaction back-
grounds. The distribution of number of hits in road in NDC1hewn in Fig. 5.2.

e The track has a matched TOF wall hit.

events

105'0*”*

104'0*”*

; i i ; ; ey e ; ;
+ ——+ ——+ + + ——————+ ———— + +
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

hits in road in NDC1

Figure 5.2: Number of hits in a road in the drift chamber NDCInlyCtracks with
more than three hits in a road in NDC1 are accepted which isabell
by the dashed line. The unconsidered tracks are downstmaakstfrom
secondary reactions which have a random association to N2CHst
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Criteria on track geometry

e The angled of a secondary particle with respect to the beam axis is reduo
be less than 300 mrad. The distributionébis shown in Fig. 5.3 (left panel).

e They-component, of the anglef is required to be between -100 and 100 mrad.
See Fig. 5.3 (right panel).

e The extrapolation of a secondary track should point to theamy interaction
point on the target plane within a radius of 200 mm.

e Only tracks which bend towards the beam direction are aedeg$ shown in
Fig. 5.4. This is the case if the product of charge 8pi$ negative. This criteria
is applied to avoid the positivg, region for positive charged secondary particles
and the negativéy region for negative charged particles where the efficieacy i
momentum dependent.
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Figure 5.3: Distribution ob (left panel) andd, (right panel). The acceptance criteria
for this observables are indicated by dashed lines.
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Figure 5.4: Only tracks which bend towards the beam diractice accepted. This
means the product of charge afidmust be negative.
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Table 5.2: Number of tracks in accepted events before apd i selection criteria
for secondary tracks are applied. About 5% to 6% of all traaresused for
the analysis in this work.

| | Total number of track$ Number of selected tracks

p+C 2,057,420 100,035
mt+C 192,976 10,122
m +C 1,701,041 106,534

5.2 Empty target subtraction

Interactions of beam gas particles or interactions of beartigtes outside the target,
e.g. in one of the drift chambers, produce background to riteractions of beam
particles on the target. This background is measured erpetally by taking data
without a target. These measurements are called “emptgttdega’. The “empty

target data” are also subject to the event and track setectiteria like the standard
carbon data sets. The event statistics of these data selte ¢aken from Tab. 5.1.

To take into account this background the number of partiofean observed particle
type (", ) in the “empty target data” are subtracted bin-by-bin (motom and
angular bins) from the number of particles of the same typlencarbon data. The
uncertainty following from this method is discussed in deap.5 and labeled “empty
target subtraction”.

5.3 Calculation of cross-section

The goal of this analysis is to investigate the double dsffeiial, inclusive cross-section
of negative and positive pions in p+@;+C andm +C reactions at 12 Gel¢ in a
broad range of secondary momentum and angle. It is calcludestéollows

d?g? A 1 1 ,

TndO p79 = : : : o _/_//'Ncr p’,9/ , (531)
dde( - 6) Napt Npot ApAQ; i p6jap[6ja (P, )
where
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d?c?

° m(pb 0;) is the cross-section in mb/(G¢¥ sr) for the particle typer (p, 7"
or i) for each momentum and angle bin (6;) covered in this analysis,

° N"’(pi’, ej’) is the number of particles of type in bins of reconstructed momen-
tum p; and angled; in the raw data,

o ///Sé’&ge/a/ is a correction matrix which accounts for efficiency and heson
of the detector,

A1 1 izati
® Napt Noo andApiAQj are normalization factors, namely
Napt

~~ Is the number of target nuclei per unit area
Npot is the number of incident beam particles on target (padioletarget),
Api andAQ; are the bin sizes in momentum and solid angle, respectively

5.4 Calculation of correction matrix

While the number of particles® (p/, 6;) is relatively easy to count in the raw data, the
calculation of the correction matrb%/;%rjapi,G(G, is much more complex. Various tech-
niques are described in the literature to ojbtain this matkix mentioned in [81] and
[85] for a p+Al analysis of HARP data at 12.9 Ggtas well as for p+Be at 8.9 Ge'¢,
two complementary analyses have been performed to chesmkaltconsistency and
possible biases in the respective procedures. The coropasfdoth analyses shows

that the results are consistent within the overall systeneator [81].

In the first method the correction matri gi%rjap;e.'a/ is decomposed into distinct in-
dependent contributions, which are computed Jmostly usieglata themselves. The
second method is the unfolding method introduced by D’Aigo§86]. It is based on
the Bayesian unfolding technique [83]. A simultaneous @hitanensional) unfold-
ing of momentunp, angle@ and particle typex is performed. The correction matrix
is computed using a Monte Carlo simulation. This method idiegpn the carbon

analysis described here.

Caused by various error sources and limited acceptance &oerefy of an exper-
iment, no measured observable represents the true physited. The unfolding
method tries to solve the problem to find the distributionhad torresponding true
value to a measured observable. A main assumption is thatdbability distribution

1A = atomic massiNa = Avogadro numberp = target density antl= target thickness
2Dp = p®*—p"™", AQ; = 2m(cog 8™") — cog "))
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function in the “true” physical parameters can be approx@émdy a histogram with
discrete bins. Than the relation between the vegtof the true physical parameter
and the vectoy of the measured observable can be described by a mafgiy which
represents the mapping from the true value to the measueeditis matrix is named
migration (smearing) matrix

Y= Mmig-X . (5.4.2)

The goal of the unfolding procedure is to determine a transétion for the measure-
ment to obtain the expected values fousing the relation (5.4.1) [87]. The most
simple and obvious solution is matrix inversion. But this hoet often provides unsta-
ble results. Large correlations between bins lead to lafigdiagonal elements in the
migration matrix.#mig and the result is dominated by very large variances andgtron
negative correlation between neighbouring bins.

Within the method of D’Agostini, the unfolding is performéeg the calculation of the

unfolding matrix.#YF© = _#°°"in an iterative way which is used ins.teadm’méJ

V7O is a two-dimensional matrix connecting the measuremertesfeffects) with
the space of the true values (causes). Expected causes asdreckeffects are repre-
sented by one-dimensional vectors with entxgg(Ci) andy(E;) for each causes and
effect binC; andE;j, respectively. Itis

Xexp(Ci z///UFO . (5.4.2)

The Bayes’ theorem provides the conditional probabH{g;i|E;j) for effectE; to be
caused by causg
P(Gi[Ej) OP(Ej|G)-P(G) , (5.4.3)

whereP(E;|C;) is the probability for caus€; to produce effecEj which corresponds

to the migration matrix and could be calculated from Montel@€&?(C;) is the prob-
ability for causeC; to happen. Eq. (5.4.3) is solved in an iteration process. ifiike
tial probability Py(Ci) could be assumed to be a uniform distribution. The so found
P(Gi|E;) is used as unfolding matrix in a first interaction step andsea a first esti-
mation of the expected values for causes

Xexp(Ci ZPGIE y(Ej) - (5.4.4)

Fromxexp(Ci) @ new probabilityP; (Cj) for causeC; is calculated and insertin Eq. (5.4.3)
for the next iteration step. Before this, the distributionRefC;) can optionally be
smoothed to reduce oscillations due to statistical fluectnat Between two consec-
utive iteration steps g2-test is applied. The iteration process is stopped wirers
small. The number of iterations is dependent on the spe@fie.cToo many iteration
steps lead to the same kind of oscillating results as plainixiaversion; for too few
iteration steps, the results are strongly biased by the umeaent. The final result of
this method is the unfolded distribution xé,(Ci) and its covariance matrix.
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For this analysis, the original unfolding program providey D’Agostini is used.
Py(Ci) is assumed to be a uniform distribution, whiR¢E;|C;) is calculated from the
Monte Carlo simulation. In [83] it is shown that smoothing thstribution of P, (C;)
before inserting in the next iteration step does not leadetibeb (smoother) results
than without. Therefore the smoothing process is not agplighis analysis. After
four iteration steps the iteration process is stopped. Titrges of the one-dimensional
vectorsx andy as well as the entries of the two-dimensional mat#’™© carry the
information of angle, momentum and particle type. Thesgimal three dimensions
are merged into one dimension as follows

Ng.pa = N -+ Np- NG+ Ng - NFH- P& (5.4.5)

whereng p, o is the bin number in the final vectors and in the unfolding matmg, np
andng are the bin numbers in the three dimensiéng anda, respectivelyng® and

ng@* are the total number of bins in the observalpemnda.

The used Monte Carlo simulation is based on the Geant4 (GEpBId Tracking)
[88] platform developed by CERN. The detector materials aceii@tely reproduced
in this simulation as well as the relevant features of thedet response and the dig-
itization process. All relevant physical processes aresiciemed, including multiple
scattering, energy-loss, absorption and re-interactidhs simulation is independent
of the beam particle type because it only generates for easht exactly one sec-
ondary particle of a specific particle type inside the targaterial and propagates it
through the target. Owing this the same simulation can be fegehe three analyses
of p+C, " +C andrr +C at 12 GeVc.

The unfolding matrix for the p+C analysis calculated thigywsashown in Fig. 5.5 in
the left upper panel. The very good separation in the threticjgatypes (T, " and
proton) can clearly be seen. The angular (right upper pams)momentum (lower
panels) unfolding matrices have a nearly diagonal strecisrexpected. The binning
chosen for these matrices is the same as the one used for tidepspectra (see
chapter 5.6). The unfolding matrices for the two other asedygr"+C andmr +C) are
by construction very similar as the same Monte Carlo tracksiaed, only the binning
is different.
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Figure 5.5: Unfolding matrices calculated for p+C analysiBhe left upper panel
shows the original unfolding matrix where the three dimensiangle, mo-
mentum and particle type are merged in one dimension asideddoy
Eq. (5.4.5). The upper right panel shows an example of anlangafold-
ing matrix for T~ in one momentum causes-effects cell. The momentum
unfolding matrices summed ov@rfor i1~ (left) andrrt (right) can be seen
in the two lower panels.
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5.5 Error estimation

5.5.1 Statistical errors

The total statistical error of the corrected data is comgagehe statistical error of
the raw data, but also of the statistical error of the unfajdprocedure, because the
unfolding matrix is obtained from the data themselves amt@eontributes also to the
statistical error. The statistical error provided by théoloing program is equivalent
to the propagated statistical error of the raw data. In ord@alculate the statistical
error of the unfolding procedure a separate analysis fatig83] is applied, which
is described below. The p+C data set is divided into two iedelent data samples
andb, one sample contains all events with odd and the other atiteweith even event
numbers. These data samples are unfolded in three diffeeys.

1. Both samples are unfolded separately using the indivigloalculated unfolding
matrix for each sample (set(1)).

2. Each of the two samples are unfolded with the unfoldingrimatlculated by
using the whole data set (set(2)).

3. The whole data set is unfolded two times, using the unigldiatrices generated
for each part of the split data set (set(3)).

For all three sets the same Monte Carlo input is applied. Téesstal error of the
Monte Carlo simulation is negligible, because the Monte Cstiddistics is very high
relative to the statistics of the raw data. Set(1) leads ¢otdital statistical error of
the unfolding result, set(2) to the the statistical errothed raw data and set(3) to
the statistical error of the unfolding matrix. For all sete tdifference between the
unfolded result of data sampeandb is calculated and divided by the propagated
statistical error of the raw datandb,

a—>b

\/ 03+ 0

The distribution ofA,, shows for all three sets a Gaussian shape with a mean around
zero. The width of the distribution d,y, for set(1) isk(Ostar) = 2.0, for set(2k(c32%® = 0.98
and for set(3k(o$5C) = 1.77. A consistency check gives

Agp = (5.5.1)

K(Ostat) = \/ k?(0580) + k(o)

20 ~ 09R+1772 . (5.5.2)
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Figure 5.6: Statistical error in % for each momentum-angte h.eft panels: sec-
ondaryrr, right panelsir™. Top: p+C, middle:r™+C, bottom:rr +C.
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Concluding from this the statistical error provided by théalaing procedure has to
be multiplied globally by a factor 2, which is done for thegbranalyses (p+Gr+C
andrmr +C) described in this thesis.

Fig. 5.6 shows the calculated statistical errors in % fohaaomentum-angle bin for
all three data sets and separately for secondargndrr™. Due to the high statistics of
the data set the binning for the p+C data set is chosen fineifthdhe other data sets.
The limited statistics of that+C data is reflected in the relatively high statistical error
Generally, the statistical error increases slightly wattger angle and significantly with
increasing momentum. The behaviour of statistical erréuastion of momentum can
be seenin Fig. 5.7.
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5.5.2 Systematic errors

Different types of sources produce systematic errors ®atialysis of the fixed target
data described here. Namely they are track yield corregtiparticle identification,
momentum and angular reconstruction. Following mainly],[8% strategy to calcu-
late these systematic errors is to find different solutidnt® unfolding problem, i.e.
different 'causes’ result vectors. The difference vectoused to create a covariance
matrix for a specific systematic error. Three different roethare applied to calculate
these different causes vectors.

1. Variation of the normalization of causes vector.
2. Variation of the unfolding matrix.

3. Variation of the raw data.

The first method is used for the estimation of the systematar ef the track recon-

struction efficiency. The uncertainties in the efficienay estimated from the variation
observed with the elastic scattering data and the differefefficiency observed for
the data and the simulations for protons.

The second method is applied for most of the systematic estimations. The loss
of secondary particles has to be considered due to parecigydand absorption in the
detector materials as well as additional background pestigenerated in secondary
reactions. These effects are simulated by Monte Carlo methbao single particle
Monte Carlo simulations are generated, in one simulatioseleffects are taken into
account and in another simulation not. Both Monte Carlo sitiaria are used for
unfolding data and the results are compared. Uncertaiimtidse absorption of sec-
ondaries in the material of and close to the ITC of the TPC akert into account by
a variation of 10% of this effect in the simulation. The unagty in the production
of background due to tertiary particles is larger. A 30% ation of the secondary
production was applied [89].

The performance of particle identification, momentum anguéar measurements are
correlated due to the simultaneous unfolding process sktbbservables as described
in chapter 5.4. The calculation of systematic errors ofiplaridentification, angular
and momentum resolution as well as of momentum scale is dpwarking the accep-
tance criteria for these observables and their resoluaodsscale in the raw data and
in Monte Carlo simulated data. For the momentum resolutiassipte discrepancies
up to 10% of the resolution are taken into account [89]. A ptité bias in the mo-
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mentum determination is estimated to be of the order of 2¥gusie elastic scattering
analysis [89].

Electrons are not considered in the particle identificatisethod. Instead, they are
suppressed by a cut on the signal of the Cherenkov detectqrafticles with mo-
menta below 2.5 GeX¢, called "electron veto" [84]. This veto introduces a loss of
efficiency for pions and protons. To calculate the systesratior of the electron veto
method two samples of raw data are used. For both only thentegtshed track per
event is selected. At the first sample no selection on thecpatiype is made, the
second sample only consists of particles identified asrelest The electron sample is
subtracted from the hadron control sample. The subtraetegple (i.e. non-electrons)
and the unselected sample (all particles including elesjyrare unfolded indepen-
dently. The difference of these unfolding results is asged with the systematic error
of the electron veto method.

The third method is introduced for the estimation of the esysitic error of the empty
target subtraction. In addition to the standard empty tagletraction only 95% of the
calculated empty target value is subtracted from the raa. dte systematic error is
taken from the difference of these two results.

Due to the fact that kaons are not taken into account by theclgardentification
method, an additional error source are misidentified seagyrkhaons [84]. However,
most of the kaons are rejected by the particle selectioera@iof the TOF and the
Cherencov detectors and kaons with low momenta decay. Trere¢he background
effect caused by kaon misidentification is small. Nevedkg| to reduce this effect
a specific Monte Carlo simulation only with secondary kaongeserated. The so
found migration matrix is added to the pion migration matiind this data sample is
unfolded. This is equivalent to assuming that the kaon maame@nd angular distri-
butions are similar to the distributions of pions. The dfesation of these simulated
kaons as particle types known by the particle identificatrethod reflects the effect
of misidentified kaons in the data.

Following [89] an overall normalization of the results idazdated relative to the num-
ber of incident beam particles accepted by the selection.

As result of these systematic error studies each error easrepresented by a co-
variance matrix. The sum of these matrices describes thespstematic error. The
diagonal elements of the covariance matrix of the totalesystic error are shown for
each momentum-angular bin in Fig. 5.8. In Fig. 5.9 the togatesmatic error can be
seen as function of momentum and integrated @éeFor therr™+C andmr +C data

sets the systematic error has a nearly flat distribution anélithe order of 6%. For the
p+C data set the systematic error increases for higher m@anten stays also nearly
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constant around 8% at low momenta until 6 GeV

To inspect in detail the specific systematic error sourceg#uticular errodgjz on the
double-differential cross-section and the edgy on the cross-section integrated over
the entire pion phase space are calculated.

First, the dimensionless quantityr, expressing the typical error on the double-
differential cross-section, is defined as follows

>i(8[d?a™/(dpdQ)]);

=S (o (dpd)

(5.5.3)

where the indexlabels a given momentum-angular Bim ), (d?c™/(d pdQ)); is the
central value for the double-differential cross-sectiaasurement in that bin, and
(6[d?a™/(dpdQ))); is the error associated with this measurement.

Second, the dimensionless quandty; is defined, expressing the fractional error on
the integrated pion cross-sectiaff in the momentum range 0.5 Gé¥< p< 8.0 GeV/c
and the angular range 0.03 rad <0.24 rad for the p+C data and in the range 0.03rad
6 <0.21 rad for ther™+C data, as follows

\/Zi,j(ADAQ)iCij(ADAQ)j
Ot = 5 (o] pdd); (ApAQY);

(5.5.4)

where(d?c™/d pdQ); is the double-differential cross-section in Bi{ApAQ); is the
corresponding phase space element, Gpds the covariance matrix of the double-
differential cross-section,/Cjj corresponds to the err6d[d?c™/(d pdQ)]); in Eq. (5.5.3).

Agie as well asdi; are summarized for all specific systematic error sourceslmn 3.3
for p+C data, in Tab. 5.4(top) far"+C data and in Tab. 5.4(bottom) far +C data.
The systematic errors are of the same order for all threes#dasadyix = 9-11% and
dnt = 5-8%. The most dominant error sources are particle absorptid the subtrac-
tion of tertiary particles. The errors of momentum and aagtgconstruction are less
important and the errors caused by the particle misideatifin are negligible. For the
data sets with positively charged beam the systematic &rsmaller forrr™ and for
thermr +C data set it is smaller far—.

Systematic and statistical errors are of the same ordehégp+C and ther +C data.
For the m™+C data set the statistical error is dominating the totadreriThe m +C
data have the smallest total error caused by the most canteeiation between data
statistics and chosen bin width.
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Table 5.3: Summary of the uncertainties affecting the deudifferential and inte-

grated cross-section measurements of p+C data.

| Error category | Error source | 83 (%) | OF (%) | 8% (%) | 87 (%) |
Statistical Data statistics 12.8 3.2 10.8 2.5
Track yield corrections Reconstruction efficiency 1.6 1.3 1.1 0.5
Pion, proton absorption 4.2 3.7 3.7 3.2
Tertiary subtraction 9.8 4.2 8.6 3.7
Empty target subtraction 1.2 1.2 1.2 1.2
Subtotal 10.8 5.9 9.5 5.1
Particle identification Electron veto <0.1 <0.1 <0.1 <0.1
Pion, proton ID correctior] <0.1 0.1 0.1 0.1
Kaon subtraction <0.1 <0.1 <0.1 <0.1
Subtotal 0.1 0.1 0.1 0.1
Momentum reconstruction Momentum scale 2.6 0.4 2.8 0.3
Momentum resolution 0.7 0.2 0.8 0.3
Subtotal 2.7 0.5 2.9 0.4
Angle reconstruction Angular scale 0.5 0.1 1.3 0.5
Systematic error Subtotal 11.2 5.9 10.0 5.1
Overall normalization Subtotal 2.0 2.0 2.0 2.0
All Total 17.1 7.0 14.9 6.1

71



CHAPTER 5. ANALYSIS OF PION PRODUCTION IN P+C ANE*+C

COLLISIONS

Table 5.4: Summary of the uncertainties affecting the deuifferential and inte-
grated cross-section measurementaofC data (top table) and~+C data

(bottom table).

Error category

| Error source

| fix(%) | &

T

CIEAGIE:

(%) |

Statistical Data statistics 41.8 6.4 34.5 7.2
Track yield corrections Reconstruction efficiency 1.4 0.7 0.9 0.5
Pion, proton absorption 4.0 2.1 3.3 2.7
Tertiary subtraction 9.3 4.7 7.6 6.3
Empty target subtraction 1.0 0.7 1.0 1.0
Subtotal 10.3 5.2 8.4 6.9
Particle identification Electron veto <0.1 <0.1 <0.1 <0.1
Pion, proton ID correction 0.1 <0.1 0.2 0.2
Kaon subtraction <0.1 <0.1 <0.1 <0.1
Subtotal 0.1 0.1 0.2 0.2
Momentum reconstruction Momentum scale 3.2 0.2 3.6 0.5
Momentum resolution 0.9 0.2 1.1 0.3
Subtotal 3.3 0.3 3.8 0.6
Angle reconstruction Angular scale 1.7 0.1 1.3 0.5
Systematic error Subtotal 10.9 5.3 9.2 7.0
Overall normalization Subtotal 2.0 2.0 2.0 2.0
All Total 43.7 8.5 35.8 10.2
Error category Error source | 8(%) | 7 (%) | 8 (%) | 87 (%) |
Statistical Data statistics 8.5 2.2 10.0 1.9
Track yield corrections Reconstruction efficiency 1.3 1.1 0.7 0.4
Pion, proton absorption 35 3.1 3.8 2.3
Tertiary subtraction 7.9 6.8 9.0 5.3
Empty target subtraction 0.9 0.8 0.9 0.6
Subtotal 8.8 7.6 0.8 5.8
Particle identification Electron veto <0.1 <0.1 <0.1 <0.1
Pion, proton ID correction 0.1 0.1 0.1 0.1
Kaon subtraction <0.1 <0.1 <0.1 <0.1
Subtotal 0.1 0.1 0.1 0.1
Momentum reconstruction Momentum scale 2.3 0.7 2.7 0.3
Momentum resolution 0.6 0.2 0.5 0.2
Subtotal 2.4 0.7 2.7 0.4
Angle reconstruction Angular scale 0.6 0.3 0.7 <0.1
Systematic error Subtotal 9.1 7.6 10.2 5.8
Overall normalization Subtotal 2.0 2.0 2.0 2.0
All Total 12.6 8.2 14.4 6.5
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Figure 5.8: Total systematic error in % for each momentumgpdéar bin. Left panels:
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5.6 Particle production spectra

The derived double-differential, inclusive cross-sewsifor positive and negative pion
production in p+C [90],r"+C and m +C reactions at 12 Gek¢ in the laboratory
system are presented as function of momentum for variouslaniins in Fig. 5.10,
Fig. 5.11 and Fig. 5.12, respectively. The kinematic rarfgh®measurements covers
the momentum region from 0.5 Gé¥'to 8.0 GeV/c and the polar angular range from
0.03rad to 0.24 rad for p+C and from 0.03rad to 0.21 radrifo#C andmr +C data.
The error bars correspond to the combined statistical asteésatic error as described
in chapter 5.5.

The shapes of the momentum spectra are similar for secondagnd m— as well
as for the different data sets. For small angles the spemraader than for larger
angles and show a leading particle effect for produéedn p+C andrr™+C reactions
and forrm in m +C reactions. The distribution of secondary in " +C reactions
show a very similar behaviour as the distribution of secopnda in 7~ +C reactions as
expected caused by the isospin symmetryroft C — " +X andm +C — m + X.
The corresponding behaviour can be seemfoin i +C andrrt in i +C collisions.

In the following section a Sanford-Wang parametrizatiothef momentum spectra is
given and in chapter 6 a comparison with predictions of haidrmmteraction models
also used for air shower simulations with CORSIKA is presentédditionally, a
comparison with momentum spectra of secondary pions inaiid p+Q reactions
at the same energy is discussed.
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Figure 5.10: Momentum spectra of secondary(filled circles) andr™ (open circles)
mesons in p+C reactions at 12 G&/measured with the HARP spectro-
meter at the PS accelerator at CERN. The seven different psim@isthe
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5.7 Sanford-Wang parametrization

Usually, for the modification and tuning of hadronic intdrac models a parametri-
zation of accelerator data is used. Therefore, a SanfonugWarametrization [91] of
the momentum spectra of secondary pions produced in pF€C andmr +C reac-
tions measured with the HARP detector is given in the follgyvithe Sanford-Wang
parametrization is an empirical parametrization with efgike parameters, describing
the production cross-sections of mesons in proton-nucfgasactions. Its functional
form is:

d?0™
dpdQ

C4

(p,0) = c1p? (1— P )exp{—Ce.—Es —C60 (P— C7Ppeanc0S®0) |
pbeam pbeam
(5.7.1)

where

° g:‘fﬂ" (p, 0) is the cross-section in mb/(Ge¥sr) for secondary pions as function

of momentump (in GeV/c) and angléd (in radians) of the secondary patrticles,

® PpeamiS the beam momentum in G&¥,

e Ci, ...,Cg are free parameters obtained from fits to meson productitan da

The parametec; is an overall normalization factor, the four paramet®rxs, c4,Cs

can be interpreted as describing the momentum distribofidre secondary pions, and
the three parametecs, c7, cg as describing the angular distribution for fixed secondary
and beam moment®,and ppeam

This empirical formula has been fitted to the momentum speaftrrt and 1~ pro-
duction in p+C,t"+C andm +C reactions at 12 Gek¢ reported in this thesis. As
start values for these fits the parameters of the Sanfordg\Weanof the p+Al HARP
analysis at 12.9 GeX¢ are taken from [81]. In thg? minimization procedure the full
error matrix is used. Concerning the Sanford-Wang parasiesimation, the values
of Sanford-Wang parameters are reported in Tab. A.7, Tab.aAd Tab. A.9 in the
appendix (p. 106-107). The measured secondary momentuwtrapérr and7r™ in
p+C, m"+C andmr +C reactions are compared to the Sanford-Wang paramésrizat
in Fig. 5.13, Fig. 5.14 and Fig. 5.15, respectively. The 8ahfNang parametrization
is not able to describe some of the data spectral featuresiedlp at low and at high
momenta. The goodness-of-fit of the Sanford-Wang pararmagitvh hypothesis for
the measured spectra can be assessed by consigeériper degrees of freedom, see
Tab. A.7-A.9 in the appendix. A discussion of the fit resudtgiven in chapter 6.
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Figure 5.13: Sanford-Wang parametrization for pion momenspectra in p+C reac-
tions at 12 GeYc.
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Figure 5.15: Sanford-Wang parametrization for pion momenspectra int +C re-
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6 Discussion of HARP data

6.1 Comparison of p+C HARP data at 12 GeV/c
with model predictions

A comparison oft~ andrr™ momentum spectra produced in p+C reactions at 12/@eV
with different model predictions is shown in Fig. 6.1 and.Fd@. The spectra are plot-
ted with linear scale to make deviations between data ancl®aodore visible at low
momenta. The three hadronic interaction models are GHEIE4A UrQMD [32]
and DPMJET-IIl [36]. These are models typically used in &iower simulations.
GHEISHA and UrQMD are implemented in CORSIKA as low energy nt®deelow
80 GeV), whereas DPMJET-III is mostly used at higher eneriat is also able to
make predictions at lower energies. Comparing the predistiod these models to the
measured data, distinct discrepancies at low and high manteEtome visible. Es-
pecially the decrease of the cross-section to very low maoaismot well described
by the models. Forr", the prediction of DPMJET-IIl seems relatively good, hoeev
DPMJET-III underestimates the~ production at low momenta. At large momenta
the three models are more similar to each other, but noneeofibdels provides an
acceptable description of the data.

As already mentioned in section 5.7, for tuning and modgymodels, often a pa-
rametrization of data like the Sanford-Wang formula [91bsed. This is a suitable
method to interpolate between measured energy and phase iggaons. However,
this method has some shortcomings. The reliability of patamations for extrapolat-
ing to energy and phase space regions where no data are givealéar.

Fig. 6.3 shows a comparison af and7r™ momentum spectra in p+C reactions with a
continuous Sanford-Wang fit [91]. Concluding from this comig@n, at high momenta
and in particular at large angles, the parametrization doéslescribe the data very
well. Especially forrr™ momentum spectra at angles larger than 0.18 rad, the Sanford
Wang fit deviates considerably from the data and should natseel in an angular
range above 0.18rad.
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Physics wise a very similar behaviour @f andm spectra are expected at low sec-
ondary momenta, because at low momenta the leading pagtfelet is not dominant.
This is confirmed by the DPMJET-III predictions, see Fig. @@p panel). How-
ever, the Sanford-Wang parametrization significantlyed#ffoetweemr™ andmr—, see
Fig. 6.4 (bottom panel), which might be a technical artitasthere are no data in this
range. This indicates that the Sanford-Wang parametizathould not be extrapo-
lated to low momenta.

To consider the comparison of the Sanford-Wang paramétizand DPMJET model
predictions, in Fig. 6.5 and Fig. 6.6 the predictions of DIENKII for m and ™
momentum spectra is shown together with their Sanford-Wzargmetrization for
several angular bins. For large angles the spectra predigt® PMJET-III are harder
than the parametrization of the data.

This comparison shows that parametrizations such as thir@avang fit have to
be used with caution. One can not expect that this pararagtizgives a reliable
extrapolation to unmeasured phase space regions.
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Figure 6.1: Comparison of - momentum spectra in p+C reactions at 12 GeWith
model predictions.
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Figure 6.5: Comparison of Sanford-Wang parametrizatiomfomomentum spectra
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Figure 6.6: Comparison of Sanford-Wang parametrizatiomformomentum spectra
in p+C reactions with predictions of DPMJET-III model. Duethe con-
siderable deviation of the Sanford-Wang parametrizatiomfthe data for
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angles larger than 0.18 rad, these spectra are not shown.
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6.2 Comparison of p+C data with preliminary
p+0O, and p+N, data

For completeness in the following first, very preliminanguls on pion production

in p+N; and p+Q at 12 GeV'c [92] measured by HARP are shown, which became
available just prior to submitting this thesis. These reast are more difficult to
provide by experiments, because fluid targets are more ¢cagd to handle and even
the analysis of those data is more complex. Still, the amlgdased on the analysis
tools developed in this thesis and described for p+C dathapter 5.

Fig. 6.7 and Fig. 6.8 show a compilation af and r* momentum spectra in p+C,
p+N, and p+Q for four angular regions. Due to the lower statistics, a seabinning
for p+N, and p+Q data is chosen in relation to the binning used for the p+Cyaisain
chapter 5 and the binning of p+C data is adapted for this cosga The spectra look
very similar for the different reactions. The shape of thectfa are nearly identical,
only a different normalization factor can be noticed beeanisthe different nuclear
masses of the target materials. This result confirms the hpoedictions for p+C and
p+air reactions, see Fig. 3.7 and Fig. 3.8 (p. 26).

This is an important result for future planned experimemsded for measuring ref-
erence data for cosmic ray physics. Owing to the agreemeptoof production in
reactions of protons with air nuclei ghand Q) and the pion production in p+C reac-
tions, solid carbon targets, which are easier to handlepftan be used instead.
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7 Conclusions and outlook

The results reported in this thesis contribute to the im@noent of our understanding
of EAS simulations and hadronic interactions at low enefdpey will help to improve
the reliability of the interpretation of measurements ofshiower arrays.

Using simulations of showers in the knee energy range mattbeamodified version of
the air shower simulation package CORSIKA, the hadronicatigwns in an EAS are
studied which are important for the muon production in EASsWof the muons are
generated as decay products of charged pions and kaons létwdeaof about 5 km.
About five consecutive hadronic interactions in an EAS taleeg before a meson
decays into a muon. Most frequently the hadron initiating tladronic interaction,
in which a meson leading to a muon is produced, is a chargedgnd about 21%
of this interactions are initiated by nucleons. The mostangnt energy range of
these reactions is from about 10 to 1000 GeV, whereas the [@pa@se of importance
for muon production covers the most forward directignypeam= 0.3— 1.1, pt =
0—1GeV/c).

These energy and phase space regions are accessible byafyedexperiments. By
surveying all existing data, it has been shown that most peements done in the
past were using proton beams on beryllium targets and teatdhta are very limited
in statistics and phase space coverage. In 2006 p+C dataedovy the CERN ex-
periment NA49 have become available in a large acceptamgg raNithin the work
of this thesis, measurements of p#€,+C andm +C interactions at 12 GeXt have
been added to the available data sets with a carbon targesinAgations show that
collisions of protons with a carbon target are very simi@ptair interactions, these
data sets can be used for tuning models needed in astrdpattizsics simulations.

The fixed target experiment HARP at the PS accelerator at CERb@sshown to be
ideally suited for the measurement of hadron productiongiproton and pion beams
with momenta between 1.5 and 15 G&Vand various targets from light to heavier
elements. Due to the fact that the HARP apparatus consistgsooparts, a forward
and a large angle spectrometer, it covers nearly the coenpéetondary particle phase
space.
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CHAPTER 7. CONCLUSIONS AND OUTLOOK

A central part of this thesis is the analysis of p#€,+C andrr +C data at 12 GeXt
measured with the HARP spectrometer. The p+C data coverdagomomenta ofr™
andmr from 0.5 GeV/cto 8 GeV/c and an angular range from 30 mrad to 240 mrad,
whereas ther+C data have an angular acceptance from 30 mrad to 210 mradr Af
calibrating the momentum reconstruction of the HARP forwspéctrometer, momen-
tum spectra oft— andrrt are derived for different angular bins and with statistaradi
systematic error of the order of less than 10% in the most rtapbregions. For the
latter a detailed analysis of systematic errors has bedarpeed.

To check the reliability of hadronic interaction models ahhare used for air shower
simulations, the spectra are compared to predictions séthedels. None of the mod-
els is able to describe satisfactorily and in detail the messspectra. Discrepancies
are found especially at low and high momenta.

Many models rely on parametrizations of accelerator datardfore a Sanford-Wang
parametrization is given for all measured spectra. Fronsdingparison of the Sanford-
Wang fits with model predictions it is concluded that a verseta use of such para-
metrizations is advisable, if the parametrization is gtated to regions where no
data are measured.

The p+C data at 12 Ge\ are compared to first, very preliminary results from an
analysis of HARP data on pt\and p+Q at the same energy. The comparison shows
that indeed secondary momentum spectrarofand i~ of p+C and p+N (p+0,)
reactions are nearly identical up to the overall crossi@eciormalization. This shows
that for future experiments, which are planned to measuezerece data for cosmic
ray physics, carbon targets are a good replacement for tiieuttito handle gaseous
or liquid Ny or O, targets.

Finally, it should be mentioned that the presented simuagtudies of the properties
of hadronic interactions in EAS, which are of importance tfteg muon production,
formed the basis on the cosmic ray part of the proposal ofgutsie former NA49
detector for a new fixed target experiment. Early this yeaptiloposal was accepted by
CERN and the new NA61 experiment will take first p+C data at 30 @edutumn of
2007. The foreseen measurements of importance for astidpahysics are reactions
of p+C at the energies 30, 40, 50 and 400 GeV an@ at 158 and 400 GeV.
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A Additional information on HARP
data

A.1 Tables of cross-section for " and T
production in p+C, m+C and  +C reactions
at 12 GeV/c
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APPENDIX A. ADDITIONAL INFORMATION ON HARP DATA

Omin | 6max | Pmin Pmax | d?0™ /(dpdQ)
(mrad) | (mrad) | (GeV/c) | (GeV/c)| (mb/(GeV/c sr))
30 60 0.5 1.0 1985 + 408
1.0 15 2458 + 35.0
15 2.0 2482 + 311
2.0 2.5 2279 + 310
2.5 3.0 3316 + 342
3.0 3.5 2582 + 314
3.5 4.0 2141 + 305
4.0 5.0 1335 + 151
5.0 6.5 1026 + 110
6.5 8.0 452 + 7.8
60 90 0.5 1.0 1917 + 291
1.0 15 2432 + 254
15 2.0 2849 + 279
2.0 2.5 2844 + 243
2.5 3.0 2149 + 198
3.0 3.5 1631 + 158
3.5 4.0 1484 + 152
4.0 5.0 914 + 93
5.0 6.5 369 + 50
6.5 8.0 156 + 27
90 120 0.5 1.0 2040 + 278
1.0 15 2437 + 26.2
15 2.0 2694 + 277
2.0 2.5 2213 + 234
2.5 3.0 1680 + 170
3.0 3.5 1405 + 152
3.5 4.0 948 + 156
4.0 5.0 502 + 6.3
5.0 6.5 180 + 29
6.5 8.0 47 + 12
120 150 0.5 1.0 2188 + 306
1.0 15 2006 + 234
15 2.0 2713 + 285
2.0 2.5 1943 + 216
2.5 3.0 1157 + 156
3.0 3.5 710 + 107
3.5 4.0 434 + 74
4.0 5.0 299 + 50
5.0 6.5 79 + 21
6.5 8.0 11 + 04
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Omin | Bmax | Pmin pmax | d?0™ /(dpdQ)
(mrad) | (mrad) | (GeV/c) | (GeV/c)| (mb/(GeV/c sr))
150 180 0.5 1.0 |2389 + 341
1.0 15 2575 4+ 269
15 2.0 1737 + 208
2.0 2.5 1213 + 167
2.5 3.0 679 + 118
3.0 3.5 397 £+ 74
3.5 4.0 289 + 6.3
4.0 5.0 141 + 35
5.0 6.5 31 + 12
6.5 8.0 05 + 03
180 210 0.5 1.0 2801 + 382
1.0 15 1210 + 182
1.5 2.0 918 + 142
2.0 2.5 420 + 91
2.5 3.0 293 + 71
3.0 3.5 222 + 6.1
3.5 4.0 151 + 45
4.0 5.0 89 + 29
5.0 6.5 56 + 23
6.5 8.0 07 £+ 06
210 240 0.5 1.0 1758 + 292
1.0 15 879 + 168
15 2.0 828 + 171
2.0 2.5 491 + 117
2.5 3.0 299 + 82
3.0 3.5 183 + 6.1
3.5 4.0 70 + 31
4.0 5.0 35 £+ 22
5.0 6.5 08 + 08
6.5 8.0 01 + 02

Table A.1: HARP results for the double-differentiaf production cross-section in
the laboratory systenuizo#/(d pdQ), for p+C interactions at 12 Ge/¢.
Each row refers to a differeripmin < P < Pmax Omin < 6 < Bmax) bin,
wherep and 8 are the pion momentum and polar angle, respectively. The
central value as well as the square-root of the diagonal exlésnof the

covariance matrix are given.
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Omin | 6max | Pmin pmax | d?0™ /(dpdQ)
(mrad) | (mrad) | (GeV/c) | (GeV/c)| (mb/(GeV/c sr))
30 60 0.5 1.0 1354 + 305
1.0 15 2125 + 308
15 2.0 2306 + 321
2.0 2.5 1136 + 219
2.5 3.0 1226 + 226
3.0 3.5 981 + 189
3.5 4.0 823 + 148
4.0 5.0 575 + 104
5.0 6.5 232 + 6.2
6.5 8.0 51 + 43
60 90 0.5 1.0 1513 + 249
1.0 15 1806 + 220
15 2.0 1916 + 213
2.0 2.5 1582 + 180
2.5 3.0 1017 + 140
3.0 3.5 851 + 120
3.5 4.0 645 + 122
4.0 5.0 372 + 55
5.0 6.5 125 + 28
6.5 8.0 18 + 10
90 120 0.5 1.0 2174 + 312
1.0 15 2047 + 232
15 2.0 1851 + 210
2.0 2.5 1321 + 165
2.5 3.0 918 + 138
3.0 3.5 605 + 92
3.5 4.0 307 + 51
4.0 5.0 244 + 52
5.0 6.5 31 + 11
6.5 8.0 01 + 0.1
120 150 0.5 1.0 2305 + 345
1.0 15 1989 + 237
15 2.0 1307 + 174
2.0 2.5 797 + 127
2.5 3.0 667 + 113
3.0 3.5 525 + 96
3.5 4.0 249 + 52
4.0 5.0 140 + 35
5.0 6.5 31 + 13
6.5 8.0 03 + 02
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Omin | Bmax | Pmin pmax | d*0™ /(dpdQ)
(mrad)| (mrad) | (GeV/c) | (GeV/c)| (mb/(GeV/c sr))
150 180 0.5 1.0 1934 + 289
1.0 1.5 1428 + 200
15 2.0 1376 + 193
2.0 2.5 821 + 131
25 3.0 602 + 112
3.0 3.5 273 + 6.2
3.5 4.0 179 + 5.0
4.0 5.0 98 + 3.3
5.0 6.5 08 =+ 0.7
6.5 8.0 0.005 + 0.018
180 210 0.5 1.0 2420 + 351
1.0 1.5 1340 + 198
1.5 2.0 1076 + 16.8
2.0 2.5 637 + 119
2.5 3.0 284 =+ 7.2
3.0 3.5 144 + 4.6
3.5 4.0 74 + 34
4.0 5.0 20 =+ 1.3
5.0 6.5 03 + 0.4
6.5 8.0 0.03 + 0.1
210 240 0.5 1.0 1194 + 213
1.0 15 854 + 149
15 2.0 926 + 184
2.0 25 403 + 106
2.5 3.0 155 + 54
3.0 3.5 87 =+ 4.2
3.5 4.0 31 =+ 2.3
4.0 5.0 16 =+ 1.6
5.0 6.5 02 =+ 0.4
6.5 8.0 0.001 + 0.013

Table A.2: HARP results for the double-differentml” production cross-section in
the laboratory systent?c” /(dpdQ), for p+C interactions at 12 Ge/¢.
Each row refers to a differeripmin < p < Pmax Omin < 6 < Bmax) bin,
wherep and 8 are the pion momentum and polar angle, respectively. The
central value as well as the square-root of the diagonal exlésnof the
covariance matrix are given.
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Bmin | Bmax | Pmin pmax | d?0™ /(dpdQ)
(mrad) | (mrad) | (GeV/c) | (GeV/c)| (mb/(GeV/c sr))
30 60 0.5 15 1861 + 826
15 2.5 1681 + 633
2.5 3.5 3441 + 859
3.5 5.0 2936 + 619
5.0 6.5 1728 + 456
6.5 8.0 1913 + 472
60 90 0.5 15 2518 + 687
15 2.5 3277 + 640
2.5 3.5 2362 + 524
3.5 5.0 1744 + 364
5.0 6.5 1455 + 319
6.5 8.0 483 + 149
90 120 0.5 15 2606 + 631
15 2.5 3227 + 635
2.5 3.5 2308 + 46.1
3.5 5.0 1488 + 336
5.0 6.5 585 + 184
6.5 8.0 224 + 94
120 150 0.5 15 1739 + 532
15 2.5 2568 + 601
2.5 3.5 1732 + 450
3.5 5.0 710 + 255
5.0 6.5 309 + 151
6.5 8.0 75 + 6.8
150 180 0.5 15 1760 + 547
15 2.5 1611 + 521
2.5 3.5 1324 + 428
3.5 5.0 250 + 156
5.0 6.5 207 + 165
6.5 8.0 44 + 71
180 210 0.5 15 2129 + 713
15 2.5 750 + 346
2.5 3.5 789 + 409
3.5 5.0 287 + 240
5.0 6.5 82 + 134
6.5 8.0 04 + 29

Table A.3: HARP results for the double-differentiat production cross-section in the
laboratory systemg2g™ /(dpdQ), for r"+C interactions at 12 Gelt.
Each row refers to a differeripmin < P < Pmax Bmin < € < 6max) bin,
wherep and 8 are the pion momentum and polar angle, respectively. The
central value as well as the square-root of the diagonal exiésnof the
covariance matrix are given.
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Omin | Bmax | Pmin pmax | d?0” /(dpdQ)
(mrad) | (mrad) | (GeV/c) | (GeV/c)| (mb/(GeV/c sr))
30 60 0.5 15 1329 + 646
15 2.5 1726 + 693
2.5 3.5 1879 + 682
3.5 5.0 1254 + 461
5.0 6.5 1031 + 372
6.5 8.0 921 + 334
60 90 0.5 15 1574 + 588
15 2.5 1615 + 488
2.5 3.5 1367 + 413
3.5 5.0 857 + 257
5.0 6.5 526 + 183
6.5 8.0 123 + 97
90 120 0.5 15 1921 + 559
15 2.5 1043 + 336
2.5 35 |2160 + 536
3.5 5.0 348 + 150
5.0 6.5 334 + 148
6.5 8.0 99 + 6.8
120 150 0.5 15 1433 + 562
15 2.5 1428 + 501
2.5 3.5 858 + 321
3.5 5.0 527 + 273
5.0 6.5 36 £+ 57
6.5 8.0 01 + 04
150 180 0.5 15 | 2078 + 647
15 2.5 1686 + 522
2.5 3.5 428 + 276
3.5 5.0 92 + 138
5.0 6.5 37 £ 99
6.5 8.0 01 + 11
180 210 0.5 15 2415 + 740
15 2.5 1242 + 481
2.5 3.5 398 + 316
3.5 5.0 43 + 113
5.0 6.5 001 + 0.26

Table A.4: HARP results for the double-differentrat production cross-section in the
laboratory systemg?c™ /(dpdQ), for " +C interactions at 12 GeX¢.
Each row refers to a differeripmin < P < Pmax Omin < 6 < 6max) bin,
wherep and 8 are the pion momentum and polar angle, respectively. The
central value as well as the square-root of the diagonal exiésnof the
covariance matrix are given.
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Omin | Bmax | Pmin pmax | d?0™ /(dpdQ)
(mrad) | (mrad) | (GeV/c) | (GeV/c)| (mb/(GeV/c sr))
30 60 0.5 15 1926 + 279
15 25 | 2010 + 235
2.5 3.5 1769 + 216
3.5 5.0 1341 + 149
5.0 6.5 957 + 110
6.5 8.0 724 + 101
60 90 0.5 15 1962 + 211
15 2.5 1839 + 176
2.5 3.5 1585 + 142
3.5 5.0 920 + 88
5.0 6.5 569 + 6.9
6.5 8.0 179 + 35
90 120 0.5 15 | 2471 + 254
15 25 |2201 + 199
2.5 3.5 1643 + 155
3.5 5.0 859 + 97
5.0 6.5 237 + 4.0
6.5 8.0 29 + 08
120 150 0.5 15 1897 + 210
15 2.5 1724 + 185
2.5 3.5 944 + 115
3.5 5.0 546 + 7.5
5.0 6.5 98 + 28
6.5 8.0 1.1 + 05
150 180 0.5 15 1933 + 225
15 2.5 1683 + 187
2.5 3.5 803 + 115
3.5 5.0 185 + 45
5.0 6.5 15 £+ 1.0
6.5 8.0 002 + 0.04
180 210 0.5 15 1702 + 214
15 2.5 1094 + 150
2.5 3.5 425 + 88
3.5 5.0 88 + 32
5.0 6.5 12 + 11
6.5 8.0 03 £ 05

Table A.5: HARP results for the double-differentiat production cross-section in the
laboratory systemg20™ /(dpdQ), for 7 +C interactions at 12 Gelt.
Each row refers to a differeripmin < P < Pmax Bmin < € < 6max) bin,
wherep and 8 are the pion momentum and polar angle, respectively. The
central value as well as the square-root of the diagonal exiésnof the
covariance matrix are given.
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Bmin | Bmax | Pmin Pmax | d?c™ /(dpdQ)
(mrad) | (mrad) | (GeV/c) | (GeV/c)| (mb/(GeV/c sr))
30 60 0.5 15 1843 + 279
15 2.5 2769 4+ 305
2.5 3.5 2564 + 263
3.5 5.0 2353 + 191
5.0 6.5 2505 + 214
6.5 8.0 2536 + 16.9
60 90 0.5 15 2421 + 259
15 2.5 2940 + 239
2.5 3.5 2406 + 183
3.5 5.0 1947 + 132
5.0 6.5 1256 + 9.1
6.5 8.0 788 + 79
90 120 0.5 15 3082 + 322
15 2.5 3164 + 26.7
2.5 3.5 2565 + 214
3.5 5.0 1428 + 122
5.0 6.5 682 + 7.1
6.5 8.0 282 + 41
120 150 0.5 15 2603 + 290
15 2.5 2287 + 215
2.5 3.5 1554 + 161
3.5 5.0 847 + 100
5.0 6.5 288 + 49
6.5 8.0 85 + 22
150 180 0.5 15 2603 + 298
15 2.5 2265 + 230
2.5 3.5 869 + 117
3.5 5.0 475 + 7.2
5.0 6.5 115 + 28
6.5 8.0 35 + 13
180 210 0.5 15 2400 + 287
15 2.5 1031 + 139
2.5 3.5 500 + 85
3.5 5.0 167 + 37
5.0 6.5 72 + 23
6.5 8.0 23 + 10

Table A.6: HARP results for the double-differentiat production cross-section in the
laboratory systemd?c™ /(dpdQ), for m+C interactions at 12 GeX¢.
Each row refers to a differeripmin < P < Pmax; 8min < 6 < 6max) bin,
wherep and 8 are the pion momentum and polar angle, respectively. The
central value as well as the square-root of the diagonal esiésnof the
covariance matrix are given.
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A.2 Fit results of Sanford-Wang parametrization

In Tabs. A.7, A.8 and A.9 the results of the Sanford-Wang fitlmr™ and m mo-
mentum spectra of p+Qy"+C andm +C data are summarized. For these fits the
Sanford-Wang function (Eq. (5.7.1) on page 79) has beegnated over momentum
and angular bin widths of the data. However, the results asglyidentical to the fit
results without integration over individual bins.

Several parameters are strongly correlated resultingrgelarrors of the extracted
parameters. Further assumptions would have to be made tcadtle number of
parameters as has been done, for example, in the p+Al and pABR&Hnalyses [81,
85]. This is not done here as the parametrization does netagivadequate description
of the spectra at high momenta and large angles.

Table A.7: Sanford-Wang parameters and errors obtainedtimgfthe p+C dataset.

| Parametet m mh |

C1 136.12+ 135.16| 143.6 4 164.87
Co 0.5540.76 1.174+ 0.67
C3 0.244 2.54 2.46+ 1.09
Cs4 4,29+ 3.16 1.73+0.42
Cs 2.29+ 2.88 1.68+ 0.15
Cs 6.22+ 3.50 6.90+ 3.03
Cy 0.16+0.17 0.21+0.16
Cg 21.41+ 39.03 | 37.43+ 29.15
X° 50 72

ndf 62 62

andf = number of degrees of freedom
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| Parametet m mh |

C1 52.244 162.85| 87.22+ 165.98
Co 1.88+ 1.97 1.35+ 1.49
C3 0.944+ 1.96 0.95+ 78.23
] 1.50+ 0.60 0.87+ 17.57
Cs 2.02+ 0.56 1.20+ 9.79
Cs 10.7H 6.65 6.10+ 4.59
C7 0.184+ 0.19 0.30+ 0.29
Cg 7.73+ 28.64 43.44+ 50.36
X2 20 15

ndf 28 28

andf = number of degrees of freedom

| Parametet m mh
C1 117.17+ 8.00 | 44.81+ 38.07
Co 1.14+ 0.05 1.57+ 0.51
C3 0.0004+ 88.46| 0.11+4.37
Ca 0.30+ 98.91 4,83+ 6.35
Cs 1.63+50.29 3.22+ 4.37
Cg 571+ 0.33 9.08+ 1.96
Cy 0.26+ 0.01 0.26+ 0.08
Cg 38.85+4.93 | 27.24+ 13.19
X2 87 101
ndf 28 28

andf = number of degrees of freedom

Table A.8: Sanford-Wang parameters and errors obtainedtimgfthe 7" +C dataset.

Table A.9: Sanford-Wang parameters and errors obtainedtimgfthe ~+C dataset.
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