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Introduction

The focus of this thesis is the development of a Transitiodi&en Detector (TRD) for
the Compressed Baryonic Matter (CBM) experiment at theréuEacility for Antiproton
and lon Research (FAIR) in Darmstadt. In addition, the usdglee TRD in the measure-
ment of direct photons is investigated. CBM will be a xedgat heavy-ion experiment,
which investigates collisions in the beam energy range 863GeV.

The nature of nuclear matter at very high temperatures adéftsities is the focus of
relativistic heavy-ion physics. In particular, the expeental program aims to study ef-
fects of a new phase of matter, the quark-gluon plasma (QG#)QGP is a decon ned
and thermalized form of strongly interacting matter, whaddvidual quarks are liberated
from the nucleons. Up to now the phase diagram of stronghracting matter has not
been explored in detail at high net baryon densities. Theaitly, at high baryon densi-
ties and low temperatures, a rst-order phase transitiawéen hadronic matter and the
QGP is expected, but has not yet been experimentally cordrrireaddition, new inter-
est is sparked since recent lattice quantum chromodyngi@IC®) calculations predict
this phase boundary ending in a critical endpoint whosetex¢® and exact position in
the phase diagram is currently being debated. A large ard@egihase diagram can be
covered in nucleus-nucleus collisions in the energy rahgewill be provided at FAIR.

The CBM experiment aims to investigate the regime of higlytxardensities where
the phase transition is expected to be of rst order. Moreave discovery of the critical
endpoint would be a breakthrough in high-energy heavy-ésearch since this observa-
tion would be the rst measurement on the decon nement pHeagsition line. The goal
of the CBM experiment is to look in particular for rare prolbygaking advantage of high
intensity heavy-ion beams delivered by FAIR. CBM will be altipurpose experiment
with the ability to measure leptons, hadrons, and photomstdin, a TRD will provide the
electron identi cation and — together with a Silicon TraogiSystem (STS) — the track-
ing of charged particles. In conjunction with a ring imagidgerenkov (RICH) detector
and a time-of- ight (TOF) measurement, the TRD is to provalesuf cient electron-
identi cation for the measurements of charmonium and loasswvector mesons. For the
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6 Introduction

TRD, the required pion suppression is a factor of about 10D& electron ef ciency,
and the position resolution has to be of the order of 300 tqB&@Moreover, the material
budget in terms of radiation length has to be kept at a mininmuonder to minimize mul-
tiple scattering and conversions which would limit the eaneasurement in following
TRD stations and other detectors. The largest and up to nowaled challenge for the
TRD design is that both (PID and tracking) have to be ful lledthe context of very
high particle rates (event rates of up to 10 MHz are envispged at the same time large
charged-particle multiplicities of up to 600 per event ia tBM detector acceptance. For
the most central part of the TRD, this leads to particle rafes to 100 kHz/cr.

Currently, the TRD system is envisaged to be subdividedthre stations consisting
of three or four layers each. In order to ful Il the CBM regeiments, small prototypes
of the TRD based on multiwire proportional chambers (MWP@hwad readout were
developed and tested. The development and constructitwe girototypes was performed
in collaboration with the group of Prof. M. Petrovici fromINFHH, Bucharest, Romania.
By using secondary beams of electrons, pions, and proternsabking performance and
the electron-pion separation were determined for pantaties of up to 200 kHz/cfn

The TRD layout and the detector responses measured in thieeias were imple-
mented in the existing CBM simulation framework in order &rfprm realistic physics
simulations. The implementation of the TRD layout as wellaasanalysis of photon
conversions into dielectrons are further aspects of th&woFsented here. A feasibility
study for the measurement of photons and neutral pionsya®rato photons, via pho-
ton conversions in the target is performed in simulationsgighe TRD layout developed
in hardware.

For more than 20 years photons have been considered as one wiost valuable
probes of the dynamics and the properties of matter formdteavy-ion collisions. In
contrast to hadronic particles, which have large inteosctiross sections in nuclear mat-
ter, photons interact only electromagnetically and haveng Imean free path. This path
length is typically much larger than the transverse sizéneftiot dense matter created in
nuclear collisions. Since photons can pass through theenathost undistorted by nal-
state interactions, they carry information on the entiréision history, and thus provide
an undistorted insight into the hot and dense phase in whishdre produced.

In CBM, the ECAL is designated to provide photon identi aati In addition, a com-
plementary measurement of dielectrons from photon coinesan be used to increase
the precision of the photon measurement: this method isagspicious especially at low
momenta due to the good momentum resolution of the eleatagking. Thee* e pairs
from photon conversions in the target can be measured wathttarged particle tracking
(STS and TRD) and electron identi cation detectors (RICHRDO, and TOF), and they



Introduction 7

can subsequently be used for photon reconstruction. Theureaent of direct photons
requires precise knowledge of the photon contribution foeoays (mainlp®! g9 to
the inclusive photon spectrum. The observation of an erdrarat of photons as com-
pared to the expectation from hadron decays can be dirdttilyuded to a direct photon
signal. ThepP®-signal is determined through an invariant mass analysie@dnstructed
photon pairs.






1. Theoretical Overview

1.1 Particles and Forces

Elementary particle physics examines the fundamental tduvgeractions and the origin
of matter. In search of the fundamental components, phstsicepeatedly penetrated to
smaller constituents, which later proved to be divisiblee Very rst philosophical the-
ories about this topic date back to 460 BC, when Democritalshes teacher Leucippus
speculated that matter is composed of smallest indivisibles, theatoms However, it
was not until the nineteenth century that this idea was pickeagain. In 1803, John Dal-
ton of England introduced the atomic idea to chemistry. Hgpsed that all matter was
composed of small indivisible particles termed atoms amgested that atoms of a given
element possess unique characteristics and weight. Datteeory identi ed chemical
elements as a speci c type of atom. He inferred proportiodnsl@ments in compounds
by taking ratios of the weights of reactants. But even attihat, the atomic theory was
not yet established and some still believed matter to barmamtis with no smallest units
of a given kind of matter. Only with Einstein's paper on Braammotion was the atomic
theory ultimately established [Ein05].

At that time the only known forces were electromagnetism graity. In the rst
quarter of the twentieth century, in particular due to ekpents by Rutherford, one ar-
rived at the modern idea of the atom, which was found to be cseqh of an electron
shell and a positively charged nucleus containing most efatiomic mass. This can be
regarded as the true beginning of elementary particle phy%Vith the discovery of the
neutron in 1932, no doubt was left that the nucleus consfsteatrons and protons, the
so-called nucleons. In addition to the electron, the proama the neutron, the neutrino
was postulated in 1930 in order to reconcile the observatiom-decay with the con-
servation laws of energy, momentum, and angular momentunthérmore, in order to
explain physical effects like nuclear decay and bindingy farces were postulated: the
weak and strong interactions were introduced. Hence, il3@iseof the last century, four
particles were established, by which the known phenomeatoaiic and nuclear physics
could be described. Nevertheless, this simple system vgas @rent. In accelerator ex-
periments carried out during the 50s and 60s of the 20th pgrihe proton and neutron
were found to belong to theadrons which are a large family of non-fundamental parti-
cles that can be subdivided into groups with similar prapsrtSince the second half of

9



10 Chapter 1: Theoretical Overview

the 60s thequark model put order into the so-called hadron zoo. Using this ehaall
hadrons as well as their properties could be explained adbications of two or three
guarks. According to present knowledge, quarks are coresides elementary particles.
So far, no substructure has been observed.

1.1.1 Leptons and Quarks

All known elementary particles are described by the Stathtéwdel of particle interac-
tions, which combines the elementary particles with thideenentary forces: the elec-
tromagnetic force, the weak nuclear force, and the stromdeau force. In this context,
gravitation takes a special role. It is not included in thengtard Model and tting gravity
comfortably into the framework has proven to be a dif culiadlenge. However, for par-
ticle physics, when it comes to the small scale of partitteseffect of gravity is so weak
that it can be neglected. The elementary particles are gobugo matter constituents
which include quarks and leptons, aimteraction quantaor gauge bosonsThe latter in-
clude particles mediating the force, e.g. the photon, whielliates the electromagnetic
interaction. The matter constituents have sgin obey Fermi-Dirac statistics, and are
therefore calledermions The fundamental fermions are considered as point-liké-par
cles. They are listed in Table 1.1. Each patrticle has a qooreting antiparticle, which
is identical in mass, spin and lifetime, but which has opjgoasdditive quantum numbers
such as charge.

Leptons are unaffected by the strong interaction. Thre®iep- the electron g the
muonp , and the tad — have an electric charge equal td; they differ in their mass
values. The other three leptons, theutrinos are electrically neutral and have a mass
either vanishing (previous measurements cannot exclatentutrinos of one avor are
mass-less) or very small with an absolute value yet to bem@ted. Each charged lepton
is associated with a neutrino: they are forminfamily. Lepton families are preserved
in all interaction processes, which is tantamount to theseoration of three generalized
charges, the electronic numbleg, the muonic numbek,, and the tauonic numbey;.
This conservation is valid only at a reaction vertex but atetl e.g. in the propagation
of neutrinos by oscillation. The numbers are assigned te bdor the corresponding
charged lepton and its neutrino,1 for the corresponding antileptons, and O for every
other particle.

The quarks are classi ed into six different types avors, calledup (u), down(d),
charm(c), strange(s), top (t), andbottom(b). They are arranged into three families ac-
cording to their main modes of interactions;d), (c;s), (t;b). The quarks in the rst fam-
ily constitute the basic components of existing matter &edjuarks of the other families
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Leptons Quarks
Charge (e) Mass Charge (e) Mass

e 1 |[0511MeVE? | u| +2=3 | (2:55'%1) MeVic?
Ne 0 <2evic? | d 1=3 | (5:04"92% MeVvi/c?
u 1 105.7MeVE? || ¢ | +2=3 | (127" 59) Gevic?
Ny 0 < 190eVE? | s 1=3 (104" 39 MeV/c?

t 1 1.777GeVe? || t | +2=3 | (1712 2:1) GeV/?
ne 0 < 182eVE? | b 1=3 (4:2+337) GeVic?

Table 1.1: Properties of fundamental fermions [Ams08].

are the main components of unstable particles. Unlike feptquarks have a fractional
electrical charge. The difference between the chargesmatie family is 1. In order to
describe the empirical observation of conservation of txaig/matter, e.g. the stability of
the lightest baryon, the proton, the baryonic nunidgmvas introduced, de ned as being
+ 1= for quarks, =3 for antiquarks, and O for all leptons and antileptons. Hetloe
sum of quarks minus antiquarks is conserved and leptonssnaintileptons are separately
conserved within each family.

Quarks have a quantum number caltedor and come in three colors, which play the
role of the charge for the strong interaction among quarkertfy after the existence of
quarks was proposed for the rst time in 1964, O.W. Greenlmar@duced the notion of
this color charge to explain how quarks could coexist insidee hadrons in otherwise
identical quantum states without violating the Pauli egmua principle. As leptons have
no color they cannot couple to the strong force.

All observable particles are color-neutral. In quantumoamodynamics (QCD), a
quark's color can take one of three values, called red, graed blue, and an antiquark
can take one of three anti-colors, called anti-red, argegy and anti-blue.

Quarks are bound by the elementary force of the strong ictierawhich results from
exchanging particles with integer spin, tglions Gluons are mixtures of two colors,
such as red and anti-green, which constitutes their colarggh QCD considers eight
gluons of the possible nine color-anti-color combinatitm$e unique. There are eight
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different gluons as there is no colorless one. Quarks cagxiet as free particles, but
only as color-neutral objects con ned with other quarkst Ewample, the proton can be
described ap =uud, the neutron im=udd, and the pion ip* =ud.

1.1.2 Hadrons

Hadrons have an internal structure and thus they are noteel@ny particles. They can
be classi ed intomesonsbaryons and their corresponding antiparticles. The mesons
are composed of a quark and an antiquark. Consequentlyhidney spin O or 1. They
obey Bose-Einstein statistics and are caledons Baryons consist predominately of
three quarks, and thus are fermions of spinor 3=,. According to QCD sum rules, more
exotic states like thpentaquarkqqqa) are allowed but have not yet been experimentally
con rmed although indications for their existence haverbdiscussed recently. Table 1.2
shows a small selection of hadrons and their propertiesiwdre important for this thesis.

In fact, hundreds of states are known today (see RefereramOpy).

1.1.3 Interactions

Table 1.3 summarizes the four fundamental forces togetitartieir coupling strengths
and ranges as well as the masses of the interaction quaataatiicles carrying the force.
These particles are called gauge bosons because theiereodgsand physical behavior
are predicted and studied in gauge theories. The strengdhfafce is measured by its
coupling constant. At short distances, which are relevanparticle physics, the gravita-
tion is the weakest of all forces and can be neglected. Gitait and electromagnetism
are known from experience to have a very long range, correBpgly the mass of the
exchanged bosons is to be very small. At least for the phdtemtass is known to be
exactly zero. The range of weak interaction is extremelytshibich implies a large mass
for the interaction quantum. Actually, there are three galngsons associated with the
weak force: two of them\V* andW , are electrically charged and have a mass of about
80 GeVK?, and the otheZ?, is electrically neutral with a mass of about 91 GeA//

When going to electrodynamics, the theory is called quargi@ctrodynamics (QED),
which is a relativistic quantum eld theory. QED mathematlg describes all phenomena
involving electrically charged particles interacting plaoton exchange. The electromag-
netic and weak forces can be described in a uni ed way by theadled electroweak
theory. Analogously to QED, the theory of strongly intenagtquarks was developed and
is called quantum chromodynamics (QCD).
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Mesons
1(3P) Mass | Full width | Mean lifetime| Decay modes (BR
(MeV/c?) | (MeVIic?) (s)
p 10) | 139.6 2:6 10 8 in
p® | 10) | 135.0 0:83 10 16 | ggete g(1:2%)
h 000 )| 5475 0:8 10 18 09 3p°, p*p p°
K $(0)| 4937 1:2 10 8 punp p°
KOKO| 10 )| 4977 50% K2, 50% K
K2 0:9 10 10 p*p ;2p°
K 52 10 8 3p%ptp p°,
penpun
r 11) | 7755 149.4 ete (47 10 9),
Ut (4:6 10 9)
w 0(1) | 7827 8.5 e"e (7:2 10 ),
i (9:0 10 9)
F |o@)| 10195 4.3 ete (2:97 10 %),
U R (2:86 10 4
J=y | 0o1)| 3096.9 | 0.093 e'e (5:94%),
U (5:93%)
Baryons
1(JP) Mass Mean lifetime| Decay modes (BR
(MeV/c?) (s)
p 157y | 9383 >10%1a stable
n |14 939.6 917 pe n
Lo | od") | 11156 2:6 10 10 pp ,np°
st | 1¢") | 1189.4 0:8 10 10 pp° npt
13" | 11925 7 10 20 Lg
S 137) | 11974 1:5 10 10 np
X0 | 33" | 13149 2:9 10 ¥ Lp®
X 34"y | 13213 1:6 10 10 Lp

Table 1.2: Properties of a selection of important, strongly interagtparticles (=Isospin, J=Spin,
P =Parity, BR =Branching ratio) [Yao06].
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Interaction Physical phenomenon Effective| Gauge boson, | Range
coupling mass

Strong force Nuclear binding 1 gluons, O 10 B¥cm

Electromagnetismy Electricity, magnetism| 1/137 photon, 0 ¥
optics
Weak force Radioactive decay | 10 ° w , Z0, 10 6¢cm
(80 91)GeVt?
Gravitation Curved space-time | 10 39 graviton ¥
continuum

Table 1.3: Characteristic properties of the fundamental interastidao06].

An important feature of QCD, the quantum eld theory of théeiractions of quarks
and gluons, which was discovered in 1973 by D. Gross and 28kl [Gro73] and by
D. Politzer [Pol73], is theasymptotic freedomrlhis means that the coupling between
colored particles, such as quarks, becomes arbitrarihkva¢aery short distances, i.e.
length scales that asymptotically converge to zero (orjvatgntly, energy scales that
become very large). Asymptotic freedom implies that in bégtergy scattering the quarks
move within nucleons, such as the neutron and proton, mastliyee, non-interacting
particles. When the coupling approaches 0, asymptoticlfneeallows to calculate the
cross sections of processes involving large scales (mametransferQ? or masses) in
particle physics reliably using perturbative techniquescontrast, when the coupling
becomes large, analytic or perturbative solutions in QG®daircult or impossible due
to the highly nonlinear nature of the strong force. If so, aoseslattice QCD, which is
a theory of quarks and gluons formulated on a space-timedatit is a special case of
a lattice gauge theory or lattice eld theory. At the momehts is the most established
non-perturbative approach to QCD.

In rst order QCD perturbation theory the strength of the plng between quarks
can be speci ed as function of the momentum tran§}éof the interaction:

12p .
(33 2Nf) In(Q2=L?)’

as(Q’) (1.1)
whereN; is the number of participating quark avor®{ 6) andL is the free scale
constant of QCD [Roe96]. High momentum transfers are taotatito small quark dis-
tances. As mentioned before, asymptotic freedom desdtiledsehavior foms(Q?) ! 0
orQ?! ¥, respectively.
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Since no free color-charges are observed, it is postulatdtte total color charge
of quark combinations has to be color-neutral for measerghltticles. This is true for
baryons with the quark contergdq) and mesons with the quark contegq). More exotic
states have not yet been discovered. This property is cadlechement Although lattice
QCD can already calculate con ned objects to some degrbesgxact mechanisms of
con nement are not yet fully understood. However, the caenment of quarks in hadrons
can be illustrated by the phenomenological potential ofakpantiquark system:

dag(r)
r

Veg(n= 5 +kr (1.2)

3

The termk r dominates at large distances and corresponds to a distahegendent,
constant force. Thé& is often associated with string tension. Hence, in conti@stn
atomic binding, the breakup of a quark-antiquark pair reggiian in nite high energy
transfer.

1.2 Quark-Gluon Plasma and Hadron Gas

A proton has a mass of about 1 Ge¥And an average charge radius of about 0.875fm
[Ams08]. This corresponds to an energy density E=V of about 036 GeV/fn?. If it

is possible to produce nuclear matter with an energy depsitlyis scale, one can imag-
ine that the individual hadrons overlap in such a volume.r@and gluons can move
throughout the volume which is large in comparison to a hadmume. That means that
the quark con nement in hadrons vanishes and individuai,imed hadron-gas particles
dissolve into a free gas of quarks and gluons, which is refeto as the quark-gluon
plasma (QGP).

The QGP can be de ned as thermalized many-particle systeas&thermodynamic
properties are dominated by the degrees of freedom of thékxgjaad gluons. In contrast
to a simple hadron gas with only three pion degrees of freedodwithout any color
charge, the QGP has a larger number of thermodynamic degiéedom. The transi-
tion of hadron matter to a QGP at a critical temperailyres predicted by many simple
models (e.g. thbag mode[Cho74]) and also by lattice QCD calculations. The différen
phases of QCD are illustrated in the phase diagram of styantgracting matter.

1.2.1 The Phase Diagram of Strongly Interacting Matter

A schematic phase diagram of QCD matter is shown in Fig. 1therplane of tempera-
tureT and baryo-chemical potentigg. Based on the fundamental property of asymptotic
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Quarkeg luon plasma

Early universe

Critical
point

Color supere
conductor ??

Atomic nuclei

My

Figure 1.1: Schematic phase diagram of QCD [KB05]. The dot onjigeaxis denotes the baryon density
of normal nuclear matter. Possible locations at which thi@ua phases of QCD may exist include the hot
plasma in the early universe, the dense plasma in the intefioeutron stars, and the hot/dense matter
created in heavy-ion collisions.

freedom, one expects at least three different regions: dedmic phase (at lowg and
low T), the QGP (at higii') and the color-superconducting region (at highlow T). For
high temperatures and/or high baryon densities, we expdetan ned phase. Possible
phases and the precise location of the phase transitionsraial points are currently
studied also from a theoretical side. An overview of recespieeimental results is given
in Chapter 1.3.1. Theoretically, a rst-order phase triasiis expected at high baryon
densities and low temperatures. In general, rst-ordersphaansitions exhibit a discon-
tinuity in the rst derivative of the free energy with respge¢o a thermodynamic variable.
The phase coexistence curve between the hadron gas and QGixdhia a critical point,
in which the phase transition is of second order. The exigtes well as the exact position
of the critical point in the phase diagram are currently gelabated. Recent lattice QCD
calculations predict the phase transition in the regionigiiést temperature to be neither
of rst nor of second order. In this region, it is expectedtthiariables like the energy den-
sity change quickly but continuously in the vicinity @f. Thus, a transition in this region
is calledcrossovelfFod04]. Since the existence of the critical point and of st-order
phase transition are not yet con rmed, the phase transitiag also remain a crossover
all along. Depending on the curvature of the critical swuefacthep—m,.q—ms space (with
the quark masses,, my, ms and the quark density), a QCD chiral critical point may be
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present or not [Phi08]. While the theoretical assumptiogasstill ambiguous, it is widely
accepted that given the existence of a rst-order phasesitian at nite baryon density
terminating in a critical endpoint, a crossover is expeetiags = O.

At very high densities and very low temperatures, correlageiark-quark pairs
(Cooper pairs) are predicted to form a color supercondupAl]. This color-
superconductive phase has already been conjectured aahy istudy of quark matter
[Bar77].

The transition from a hadron gas to a QGP is also interestingdsmology and as-
trophysics. Today it is believed that in the Big Bang scemfot the origin of the universe
the elementary particles were produced in the freeze-om fn QGP phase with high
temperature and low baryon density around 1 ps after the BiggBFurthermore, it can
be seen in the phase diagram that a phase transition to thed@®&®en to more exotic
states of matter at zero temperature, is expected for lageb densities. It is assumed
that these densities are reached in the center of neutrms btare, the possible super-
conducting phase and the QGP can play an important role istéitdity of neutron stars.
In this context, it might even be possible to use astroplaysibservations to rule out or
con rm expected phases [AIf08].

Decon nement can also be reached in nuclear-collisiontreas. It ‘freezes' back
into the state containing con ned hadrons during the terapevolution of the small
reball, as indicated in the arrows in Fig. 1.1. Almost thdiempg region can be explored
by varying the collision energy of the colliding nuclei (@saissed in Chapter 1.3.1).

1.2.2 Chiral-Symmetry Restoration

Besides con nement, QCD has another important propertychvis associated to the
fact that the masses of the andd-quarks are small compared to the relevant scales of
QCD. Thus, these masses can be taken as zero for many prapptaations. The theory
assumes that a massless quark with its spin pointing intditeetion of the momentum
preserves its helicity for all times in spite of the interantwith other quarks and likewise
for a mass-less quark with its spin opposite to the direatiomotion. This symmetry is
called chiral symmetry because the conserved spin alighwigmthe quark's direction of
motion can be associated with the right-, respectivelyhaftdedness. They are so-called
chiral partners under parity transformation. Chiral syrntmneredicts for every particle
the existence of a mirror re ected particle with same praipsersuch as the mass. Hence,
the spectrum of hadrons should group into parity partnetis Mentical properties. This,
however, is not observed in nature (see Chapter 1.1). Agfualaé parity partners exhibit
large differences in their masses. Hence, in nature chyrainsetry is observed to be
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spontaneously broken. If chiral symmetry is spontaneoligiken, zero mass excitation
modes have to exist. These patrticles, the so-called Golddiosons, can be associated
with the pions. Their small masses (on the scale of hadrors@sasre an indication of
“leftovers” of chiral symmetry. Pions are the lightest haal and they indeed have proper
chiral properties. Their masses are not quite vanishinghvresults from the small but
nite masses of ther- andd-quarks. These nite masses explicitly break chiral synmnet
just like an externally applied magnetic eld breaks thenspymmetry in a ferromagnet.
The concept of chiral symmetry has turned out to be very pfuvEr the understanding
and interpretation of the light hadrons and their structure

At high temperatures and/or densities a transition to thealty restored phase is
expected. This fact would imply dramatic changes in the erigs of certain hadrons
in the medium in the vicinity of the phase transition. In tlnérally restored phase each
particle and its parity partner have to become alike. Inipaldr, their masses have to
become similar.

1.3 Relativistic Heavy-lon Collisions

A challenging eld of modern physics is the investigatiomaitlear matter under extreme
conditions and the exploration of the phase diagram of gtyoimteracting matter with
high-energy nucleus-nucleus collisions.

Classical experiments for investigating the atomic strigte.g. via excitation with
electron collisions, require typical energies of a few edt the examination of the next
smaller units, the atomic nuclei, already energies of sora¥ lre required. With increas-
ing energies ever smaller dimensions can be explored. €hasion can be understood
through the uncertainty principle of Heisenberg:

Dp Dx ~: (1.3)

Consequently, probes with a minimum momentunpof ~=Dl are required to resolve
the structures of the siddl. Therefore, very high particle energies are necessarylder e
mentary particle physics to resolve the structure of matter

Dense matter with properties similar to those in nucleudeus collisions is expected
to have existed in the early universe until about 10 us dfieBig Bang. In order to study
the bulk properties of that matter the largest possible melwf that matter is required.
It is important to understand its collective behavior antlardy point-like interactions.
That is why the study of high-energy collisions of the hestiruclei is preferred to the
investigation of more elementary systems like interagtioh protons and leptons. Up
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to now, the largest physical systems studied in the laborae collision systems of
lead (Pb) and gold (Au). Besides Pb and Au, the future FAIRifaevill also accelerate
uranium (U) ions (see Chapter 4.1), which are even heauigthie non-spherical shape
of these ions exacerbates the production of central catissand the determination of the
collision centrality.

When atomic nuclei collide at very high energies, such thatkinetic energy ex-
ceeds signi cantly their rest energy, dense hadronic matproduced. In such relativis-
tic heavy-ion collisions the energy density of hadronicteratypically exceeds a value of
e= 1GeVim 3= 1:8 10%gcm 3, and the corresponding relativistic matter pressure
isP' fe= 0:52 10%bar [Let02].

Although genuine phase transitions are not expected tdaeue nite physical sys-
tems, itis possible to experimentally explore the propsrtif the phase transition involv-
ing the dissolving of hadronic particles. The reason fos thithat relativistic systems are
investigated in which the ability to produce particles frenmergy and the presence of vir-
tual uctuation effects greatly enhance the number of ptaisstates accessible. Hence,
it is possible to identify a phase transition from the nugléadronic phase to a matter
phase consisting of quarks and gluons in collisions of iretditc heavy-ions.

Experimental results have shown that in relativistic he@wy collisions a dense
hadronic reball can be formed, well localized in space,main energy density exceed-
ing 1 GeV/fn? [Let02]. Due to the high internal pressure, this reball &éges rapidly:
the lifetime is characterized by the size of the system2R=c. In relativistic heavy-ion
reactions, the collision energy is shared among numeroub/mEoduced hadronic par-
ticles. In the nal state much more low-energy particlesnhagh-energy particles are
produced, the latter mainly stemming from hard, elementdgractions. The conversion
of kinetic collision energy into high particle multipligican be examined using statistical
mechanics. This description does not require a complete/ledge of the microscopic
production and dynamics of particles.

It is also expected that very high baryon densities — whiehcmmparable to those
in the core of neutron stars — can be reached in heavy-iomsicols. Complementary
to the activities at the Relativistic Heavy lon Collider (R} at BNL and at the Large
Hadron Collider (LHC) at CERN, which concentrate on high pematures and very low
net baryon densities, the approach of the Compressed Barylatter (CBM) experiment
is the exploration of the phase diagram in the region of hsgl@ryon densities. The
CBM research program aims at the exploration of the streotfithigh-density matter,
particularly the question of decon nement and chiral phtaaasitions. Details about the
CBM experiment can be found in Chapter 4.
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1.3.1 Exploration of the QCD Phase Diagram

The current knowledge of the phase diagram of strongly acterg matter is shown in
Fig. 1.2. This diagram presents the temperaluversus the baryo-chemical poteniigl
Recent lattice QCD calculations predict a phase boundawydsan hadronic matter and
quark-gluon matter with a critical endpoint [Fod04]: atadaryo-chemical potential at
a critical temperaturd; lattice QCD calculations predict a smooth crossover from th
hadronic to the partonic phase (dotted line), whereas fluegaof g larger than about
360 MeV a rst-order decon nement phase transition is expedc Up to now, the phase
boundary is only predicted quantitatively at small valuegg(about up to 400 MeV). At
higher baryon densities calculations are very dif culta@@rthe results strongly depend on
the lattice size and quark mass, and the physical limes igetatached (lattice spacing
I 0, qguark mas$ real quark mass). The predictions for the temperature o€titieal
endpoint cover a range from 150 to 190 MeV, Z. Fodor and S.Dz Ka&pect it afl =
162 2MeV andu= 360 40MeV [Fod04]. However, as mentioned above, even the
existence of a critical endpoint is still debated. Thesaltestill need to be supported by
more realistic calculations based on physical quark massia more accurate continuum
extrapolation.

The data points in Fig. 1.2 are chemical freeze-out poingsattierizing the state at
the time when the particle ratios are xed, and they are olstéifrom a statistical model
analysis of particle ratios measured in Pb+Pb and Au+Ausioiis at SIS (Heavy lon
Synchrotron at GSI, Darmstadt), AGS (Alternating Gradi®phchrotron at BNL, New
York), SPS (Super-Proton-Synchrotron at CERN, Geneva)RaiC (Relativistic Heavy
lon Collider at BNL, New York) [BMO1b, Bec04, BM01a].

The approach of the CBM experiment at the future FAIR Acatar Facility in
Darmstadt is the investigation of the QCD phase diagramgit baryon densities. The
CBM experiment is described in Chapter 4 and details on FAdR lme found in Chap-
ter 4.1. Very high baryon densities can be reached in heawv\collisions at moderate
beam energies. The SIS 300 accelerator at FAIR will providg-energy ion beams
of maximum energies close to 35Ge&Vfor fully stripped uranium beams, and the
highest available proton energy is 89 GeV. The maximum sit&s in this mode are
103 particles/s for protons and close to’Xrticles/s for gold ions.

The time evolution of the baryon density in the center of adh@a Au+Au colli-
sion can be calculated using transport codes, e.g. inlvia quark-gluon string model
(QGSM) [Ars07]. In Fig. 1.3a), the net baryon density as acfiom of time is shown
for beam energies between 5 andMBeV. It can be seen that already for a beam energy
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Figure 1.2: The phase diagram of strongly interacting matter as funaffdemperature and baryo-chemical
potential. The full symbols represent chemical freezepmints obtained with a statistical model analysis
from particle ratios measured in heavy-ion collisions [BNMQBec04, BM01a]. The upper line represents
lattice QCD calculations for a crossover phase transitiott€d region) [Fod04]; for values p§ larger than
about 400 MeV the phase transition is expected to be of rdeofband) but up to now it is not predicted
quantitatively. The full point denotes the end-point of tihessover transition from Reference [Fod04].
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a) b)
QGSM: r (0,0,0,t) for Au + Au (b=0)
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Figure 1.3: a) QGSM calculations of the evolution of the net baryon dgnsit) in the inner volume of
central Au+Au collisions, and b) the dynamical phase ttajgcdn the plane of (t) and energy densitg(t)
are shown for different beam energies between 5 antiGE)V, with the same incremeni% between the
symbols [Ars07]. The yellow region, which depicts a scheoladundary with a critical point, serves as a
reference for the phase trajectories.

of 5AGeV for about 5 fmé the baryon density exceeds a value of 1 fiwhich is more
than 6 times the normal nuclear-matter density of abdlf fin 3.

In these models, the energy density can be related to th@balgnsity at a given
time. In Fig. 1.3b), the dynamical phase trajectoryt), e(t)) is shown for different
beam energies within the QGSM model. At each beam energyethm path depicting
the expansion lies below the early compression path, aifndbe two paths generally
differ only relatively little. Each path is fairly straigland its slope increases steadily with
increasing beam energy. For the lowest energdGBYV, the trajectory is expected to just
reach the predicted hadronic boundary of the schematicept@esxistence region. The
energy density is predicted to reach a value of 2 GeVAhich is — according to lattice
QCD calculations — already beyond the transition density partonic phase. The next
energy, 1AGeV, already shows a turning point on the plasma side beymnddhematic
phase coexistence region. Thus, of all trajectories shtiisipne spends the longest time
traversing the phase coexistence region during the expamsiase, while the crossing
time becomes shorter as the beam energy is increased.

Trajectories of nucleus-nucleus collisions in Thequg plane have also been calculated
within a 3- uid hydrodynamics model [Iva06]. In Fig. 1.4 g@jectories corresponding to
different beam energies are shown. In this phase diagraneritical endpoint as recently
predicted by lattice QCD calculations is also shown (red sfeccording to these hydro-
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Figure 1.4: Dynamical trajectories in th&—g plane, calculated by a 3- uid hydrodynamics model, for
central Pb+Pb collisiondE 2:5fm) at various incident energies [Iva06]. The numbers tleadynamical
trajectories indicate the evolution time instants (indpih the c.m. frame of the colliding nuclei. The bold
parts of trajectories are related to an approximately tiaéimad, baryon-rich subsystem, and the thin ones
are related to the pre-equilibrium evolution. The grayethregion corresponds to an estimation of the
boundary of the phase transition from the hadronic phadest@GP. The dotted line is the “experimental”
freeze-out curve tted to observed multiplicities in thepapximation of the ideal gas model under the
condition that the energy per hadron is 1 GeV. The star-symibnotes the predicted critical end-point
from Reference [Fod04].

dynamic calculations, the critical endpoint may be founthiavicinity of the freeze-out

point of central Pb+Pb collisions at a beam energy of abo&@éV. Therefore, the FAIR

energy range is well suited to search for the rst-order siecement phase transition and
its critical endpoint.

1.3.2 Signatures for a Phase Transition

In high-energy nucleus-nucleus collisions hot and densteaumatter can be generated
in a wide range of initial temperatures and densities, amdoitowing spatio-temporal
evolution can be investigated. In the collision zone, thétenas heated and compressed
for a very short period of time. If the energy contained in tieball is large enough the
guark-gluon substructure of the nucleons comes into fddusleons are excited to short-
lived states (baryon resonances), which decay by the emis§imesons. At higher tem-
peratures also baryon-antibaryon pairs can be created.niiture of mesons, baryons
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Figure 1.5: Snapshots of a simulation of the collision of two heavy nuat€3 GeV/nucleon beam energy
performed by UrQMD [UrQ02].

and antibaryons is generally called hadronic matter, ordydc matter if baryons prepon-
derate. In accordance with QCD the strong force weakensindtieasing energy and at
suf ciently high temperatures and/or densities the hadroverlap, and the partons may
move freely forming the QGP. In the QGP the quarks and gluomsl@acon ned and can
move throughout the volume of the expanding system (seet€hay?).

The simulation of two colliding uranium nuclei at 23 GeV/fean beam energy
has been carried out using the Ultra-relativistic Quantuwiedular Dynamics model
(UrQMD) [UrQ02]. Snapshots of the reaction taken at differémes are shown in
Fig. 1.5. The gures show the collision in the center-of-maystem (CMS). The rela-
tivistic factorg= 1= 1 v2=c?in a collision with 23 GeV/nucleon beam energy is about
7 in the CMS and thus, the nuclei are drawn Lorentz-contdadibe nuclei partially in-
terpenetrate, and in the very early stage direct collisi@te/een quarks and gluons with
high momentum transfehérd process@sappear. These hard processes can be described
within pQCD. In the reball volume between the non-inteliagt nuclear fragments, a
system of large energy density is created. After a short, tentieermalized state, the QGP,
can arise [Rey04]. By reason of the high pressure the QGPespand cools. If a QGP
had been created, the phase transition to the hadron gasppelar next in the evolution.
The hadron gas then expands and cools. At thermal freeziv@titadron gas has cooled
such that the hadrons can disperse without further catissio
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Note the difference between chemical and thermal freeteIte chemical freeze-
out point is the stage in the evolution of the hadronic systdmn inelastic collisions
cease and the relative particle ratios become xed. It isel by the temperatur€, and
also by the chemical potentiglg. These parameters, and g, determine the particle
composition of the hadronic nal state. After chemical zeeout, the particle composi-
tion inside the reball is xed, but elastic collisions dtihllow to de ne the system until
the nal, thermal freeze-out. At this stage the momentuntriigtions of particles are no
longer changed and are nal. Therefore, the conditionsetittal freeze-out are re ected
in the transverse-momentum spectra.

Indeed, itis challenging to nd diagnostic probes which associated with the chiral-
symmetry restoration and the phase transition to deconer@mrhe dynamics of the
reaction is very important because after the plasma phasytitem returns into a hadron
gas and all observables can be affected. The signaturesecsgphrated into sensitivities
to physical processes:

» observables depending on the thermodynamics and hydaoaigs of the different
phases and characterizing a phase transition,

 probes of decon nement,

» observables which are in uenced by chiral-symmetry restion.

Probes for the Thermo- and Hydrodynamical Properties of a Plase Transition

The onset of a rst-order phase transition is expected tseaudiscontinuity in the ex-
citation function of particular observables: thermodyiahproperties such as the tem-
perature, the pressure, the energy density, and the entfopysystem as well as their
relation are in uenced by a phase transition. Most of thémgrhodynamical properties
show a distinct behavior only in the case of a rst-order ghxansition. This can be ex-
amined by a beam energy scan looking at different diagnpsbiges. It includes the mea-
surement of the phase-space distributions of strangeclgatin particular multi-strange
baryons and antibaryons, and particles containing chamrkguFurthermore, event-by-
event uctuations are expected to arise when crossing teeorder phase transition, and
in particular in the vicinity of the critical endpoint. Foxample, like in any other system,
also in the QGP the average transverse momeihirnis related to the temperature of
the system. Fluctuations i and thushpti are expected at a phase transition of rst or
second order. Nevertheless, after the chemical freezé&autthe QGP the hadrons in-
teract and thus the information might be distorted. Here tittme between the chemical
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Figure 1.6: Schematic view of two colliding nuclei in the geometricart@pant-spectator model. The
distance between the centers of the two Lorentz contracteleinis the impact parametbr

and the kinetic freeze-out is important. Electromagnetabps like thermally produced
dileptons and photons, which are not in uenced by the sttpmjeracting medium, may

allow to characterize the medium since they propagateliatgwerturbed. These probes
are discussed in detail in Chapter 2.

The entropy and energy density of the system is related tmteesured particle mul-
tiplicity dN=dy and the transverse energlifg-dy at mid-rapidity. An important observ-
able, being sensitive to the effective degrees of freedsthecollective ow. Information
about the equation of state (EOS) can be extracted from trextiee ow of nuclear mat-
ter de ected sidewards from the hot and dense region fornygtidoverlap of projectile
and target nuclei. This ow re ects collective propertiestbe medium. In the hydrody-
namical picture, the pressure gradient generates thectieleow. In the almond shaped
region of a non-central collision (with impact paramdter 0 as shown in Fig. 1.6), the
pressure gradient is expected to be larger in the direcfidimeoimpact parameter. Thus,
the particle production will have an elliptical azimuthadttibution characterized by the
second Fourier coef cientw) of a Fourier decomposition of these angular distributions
Since the pressure gradient is closely related to the EQ$Sjntportant to measure the
elliptic ow in order to detect the existence of the QGP pressin the early stage. If
the phase transition is of rst order, the pressure rewaims;tant during the phase tran-
sition. This results in a vanishing sound velocity= = YP=1e which is referred to as
“softening” of the EOS. The collective expansion velocitil Wwe reduced signi cantly
if softening occurs and the study of collective motion in thal state of the produced
hadrons is expected to provide key information about the EFO®5].
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Signatures from Decon nement

A measurement of the yields and phase-space distributidrerpons containing strange
quarks, in particular of multi-strange baryons, is expettebe sensitive to the early and
dense stage of the collision. Initially, the productiontéege §)-quarks was expected to
be enhanced in the decon ned QGP compared to a hadron ge&JR&he temperature,
which is expected to be necessary for the dissolving of mund@nd hadrons into quarks
and gluons is similar to the energy, which is necessary t@g¢a arss-pair. Strange-
quarks can be produced by gluag) fusion in the plasmg+ g! s+ s. A further reason
for the expected enhanced productionsafuarks is the occupancy of energy states by
lighter quarks, which may lead to a more probable generatfass-pairs. Their subse-
quent hadronization can cause an enrichment of particlesmitong strange quarks (like
thef -meson) in comparison to a hadron reaction without creaif@nQGP. However, the
strange production depends on the temperature evolutitreafystem and the life-time
of the two phases. Thus, signi cant changes in relative disblte abundance of strange
particles, such als, and more exotic multistrange hadrons are expected.

Further interesting observables are hadrons containiaghtiyuarks. The hadronic
bound states (with aor ¢ quark) have a much larger mass than the ordinary hadrons and
it is expected thatharmonia in particular, can only be formed in the very early phase
of the heavy-ion collision. In contrast to the condition $trange-particle production, the
temperature is not high enough for signi cant thermal qeaik production. The ground
state of charmonium is th&y, whose suppression has long been a proposed signature
for decon nement [Mat86]. In the QGP the attractive potahkietween &c is screened
by the large density of free color charges in the medium. Taukadronization time the
dissociated charm quarks couple with a larger probabititthe abundant lighter quarks
than recombining to =y .

At FAIR energies the charm production is of special intefestause charmonium and
open charm such as D-mesons and charmed hyperons are @eh&ain energies close
to the kinematic threshold: The highest FAIR enerdigssm= 30AGeV, corresponding
to P s= 7:74 GeV for a nucleon pair, are slightly above threshold fer¢harm produc-
tion process with the lowest threshdtN! D (DO)L¢N, P Sthres= 5:0735:069 GeV
[TGO08]. Since changes are likely to have a strong effect at-tteeshold production,
these particles are sensitive probes of the early stage ailision. Due to the very high
intensity heavy-ion beams provided at FAIR, the total alaumogés of charmonia and open-
charm mesons become large. Fig 1.7 shows the multipliofigd , h, K*, K ,f, D, D,
andJ=y -mesons for central collisions of Au+Au as function of beamergy from SIS to
RHIC energies. These multiplicities are calculated in tlagltén-String Dynamics (HSD)
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Figure 1.7: Multiplicities of p*, h, K*, K , f, D, D, andJ=y -mesons for central collisions of Au+Au as
function of beam energy in the HSD approach including etaatid inelastic reactions, but no in-medium
modi cations of their spectral functions [Cas01].

transport approach [Ehe96]. The high beam intensity at H&Hels to suf cient statis-
tics for more detailed measurements of charmed particléisediscollective effects may
be visible for the rst time at these energies. Here, esplgdiae transverse-momentum
spectra are expected to provide valuable insight into timauhycs in the very early phase.
Since the charm quarks are produced early in the reactianréseattering — re ected in
high-pr suppression — and collectivityg( pt) are expected to re ect the dynamics in the
early phase more sensitively [CBM09a].

Information on Chiral-Symmetry Restoration

The observation of in-medium modi cations of hadron prdper may be a signature
for the onset of chiral-symmetry restoration (see Chap@2). The in-medium spectral
function of short-lived vector mesons can be measuredyttiireéi@ their decay into dilep-
ton pairs as discussed in detail in Chapter 2.1. Since diteppare essentially unaffected
by the passage through the high-density matter, their stalliyrovide information on
the conditions in the interior of the collision zone.



2. Probing Heavy-lon Collisions with
Dileptons and Photons

Since photons and leptons are only affected by the elecakweeraction, electromag-
netic probes from the reball — direct photons on the one hand virtual photons (de-
tected ag" e or " p ) on the other hand — have been suggested long ago as promising
carriers of information on the properties of superdensdenfhu78, Shu80, McL85].
Photons and leptons have a large mean free path in compéviios strongly interacting
particles produced in heavy-ion collisions. Since theygass through the matter almost
undistorted by nal-state interactions, these obsenabkary information on the entire
collision history and thus provide an undistorted insigttbithe hot and dense phase in
which they are produced.

Although photons and leptons can leave the produced mednatffiected, their mea-
surement is subject to the complication that during thewguar of the heavy-ion collision
different processes are leading to their production. Coumsaetly, it is necessary to nd an
assignment to known processes to get information on therostances of their produc-
tion. A rough ordering is given by their momentum; genetalig larger the momentum
the earlier those photons and leptons have been produced.

2.1 Dileptons

Virtual photons, which are measured through their decay lepton pairs, are a possi-
ble observable for the detection and characterization dias@ transition to the QGP,
or for in-medium vector meson properties, and chiral symynegstoration (see Chap-
ter 1.2.2). The lepton pait$ (e.g.e* e ;" | ) created in the reactiog ! 1l are called
dileptonsand can be measured in the experiment. The dilepton is deawed by a four-
momentunP = B+ + B . From this, the Lorentz-invariant quantities — the squatiézp-
ton invariant massniznv = P2 and the dilepton transverse momentpm= pri+ + Pry

— can be derived. After the lepton and its antiparticle partre produced, they have to
pass through the collision region to reach the detectorsdardo be observed. Since the
leptons interact with the particles in the collision onlg@romagnetically, they are not
in uenced strongly. Consequently, the mean free path oflép¢ons is expected to be

29
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Figure 2.1: The diagram for the reactign” + p ! 1"+ 1 .

quite large and the leptons are not likely to suffer furthatisions after they have been
produced.

Hadrons and resonances are produced in the initial nuclecigus collision. Dilep-
ton pairs can be produced in hadron-hadron interactionthéddominant constituents of
the hadronic matter are pions, many dileptons are produgéuinteractiop” + p !

I* + 1 whichis illustrated by the Feynman diagram in Fig. 2.1. Tlaeydine represents
a virtual photorg in scalar electrodynamics and aneson intermediate state in the vec-
tor dominance model. The decay of the hadronic resonandeshew up as sharp peaks
in the invariant mass spectrum bfl  pairs with a width re ecting the mean lifetime
of the resonance and a magnitude depending on the abundatheeresonance. Hadron
resonances such as thew, andf may arise from the initial nucleus-nucleus collision be-
fore thermalization, or they may also come from collisiohpions in the dense pion gas
during the thermalization of the hadron gas. The decay odtigeresonance will be seen
at a dilepton invariant mass of BGeVk2. Due to the large mass of thley -resonance

it is unlikely that it can be produced via soft processes arnguthermalization of the
hadronic matter. Thug=y -production mainly results from hard-scattering proceséé
FAIR energiesJ=y -production at kinematic threshold and its assumed supjoreplay

a particular role (see Chapter 1.3.2).

The potential of thermal dileptons as a signature for a ptrassition to the QGP is
described in detail in Reference [Won94]. In the quark-glptasma, a quark can interact
with an antiquark to form a virtual photog, and the virtual photon can subsequently
decay into a dilepton. The diagram describing the readierg! 1™ + 1 is shown in
Fig. 2.2. The production rate and the momentum distributibine produced*| pairs
depend on the momentum distribution of quarks and antiguarthe plasma, essentially
given by the thermal (Boltzmann) distribution. Therefdrd, pairs can carry informa-
tion on the thermodynamical state of the medium at the mormitiiteir production. In
order to be a good observable, the dilepton yield from thestemt quark-gluon plasma
must be larger than or comparable to the dilepton yields fnom-QGP sources, at least
in some momentum region.
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Figure 2.2: The diagram for the reactiap+ q! |I* +1 .

When measuring dileptons, their major sources can be sugledinto:
» photon conversions within the target and in the materighefdetector,
« Dalitz decays (mainly op® andh),

 decay of the vector mesonsw, andf ,

hadron decays containing heavy quarks, i.e. semi-lepmﬁi-decays,lzy etc.,

thermal production of dileptons, either in the QGP or inllo¢ hadron gas,

Drell-Yan production in early hard scatteringgi( 171 ).

A schematic dilepton spectrum in the context of a heavy-mtision as function of
the invariant mass is shown in Fig. 2.3. In the region of higfariant masses (high mass
region, HMR) the spectrum can be described by hard init@tesses, for which perturba-
tive QCD can be applied. This contribution to dileptons hssiniom Drell-Yan processes
in the nucleus-nucleus collision in which a quark of one @& tluclei interacts with a
sea antiquark of the other nucleus. They annihilate to fonirtaal photon which sub-
sequently decays into diil pair. In this process, the effects of the nucleons' binding
within a nucleus are not important, and the nucleons can hsidered to be indepen-
dent. That is why the production bfl pairs from the Drell-Yan process in heavy-ion
collisions can be considered as arising from a collectiomdépendent nucleon-nucleon
collisions. The yield should be equal to the one in p+p calfis after appropriate scaling.

At smaller invariant masses there are two peakmat 3:1GeVk? and myy
3:7 GeVk? caused by decays d&y - andy Cresonances. Further resonances are observed
in the region of invariant masses smaller tmap, 1 GeVkE? (low mass region, LMR)
from the decay of -, w-, andf -mesons. At even smaller masses the dileptons spectrum
is dominated by Dalitz decays pf h, andh®

The mass region between theandJ=y -mesons (intermediate mass region, IMR) is

a structureless produced by different sources. Among stlaecontribution of dileptons
from the correlated semi-leptonic decays of heavy quarkgpected.
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Figure 2.3: Schematic structure of a dilepton spectrum in heavy-iotistohs. In measurements with the
CBM experiment, the kinematic reach will be limited by theidable center-of-mass energy (see Chap-
ter 4).

In the region of smallest invariant masses close to zerogbetsum is dominated by
dileptons from conversions of real photons (not seen inEig since they are subtracted
in this spectrum) which are described in detail in Chapt2r 2.

2.1.1 Previous Experimental Results on Dileptons

For the investigation of dileptons from relativistic heawy collisions the NA45
(CERES) experiment at CERN's Super Proton Synchrotron @@€&elerator did pio-
neering work. The CERES experiment was dedicated to they stiid” e pairs at low
invariant masses up to aboubIGeVk?. For the heavy-ion reaction S+Au at 28GeV,
CERES found a considerable enhancement of the dielectres eaceeding expectations
from hadron decays (see Fig. 2.4), which was suggestedge &xam two-pion annihi-
lation [Aga95]. Also with the SPS experiments HELIOS-3 arl38 a larger amount of
dileptons (there: dimuons) than expected was observedlisions of sulfur with heavy
targets. The observations caused an intensive discussithre@roduction processes, and
it was found that dileptons from pion annihilation and seartty processes are not suf -
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Figure 2.4:Inclusive invariant mass spectrumeife pairs in 200AGeV S+Au collisions measured by the
CERES experiment [Aga95]. The full circles show the datathedines represent the various contributions
from hadron decays. The shaded region indicates the systesnar on the summed contributions.

cient to explain the observed enhancement. Thus, for theime it was assumed that the
enhancement may be due to a change in the properties of veesuns in hot and dense
matter.

Many open questions from the early SPS experiments werathgcaddressed by
measuring dimuons with the NA60 experiment [NA606]. The A& periment has been
conceived as an upgrade of the NA50 experiment, in which npuoduction in pA and
nucleus-nucleus collisions have been studied. Behind @wepectrometer in a dipole
magnet, this xed-target experiment contains a muon spewtter, consisting of hadron
absorbers and multiwire tracking chambers as well as adegoee calorimeter for the
centrality determination of the collisions.

In the NA50 experiment, it was possible to perform a highistias study of dimuon
production by using an extremely selective trigger sysfEme. mass resolution was of the
order of 100 MeVé? for the J=y and of 80 MeV¢? for thef andw [Ale05, CBMO09a].
However, there were several limitations in the study of thempair continuum. At low
masses, th@r acceptance was essentially zero below 1 GeVhus, the lowpt region,
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where thermal dimuon yield may become sizable, could noehehred. Moreover, in the
mass region beyond tHe the vertex-determination capabilities did not allow tetuti-
guish between prompt muon pairs and dimuons originating fopen-charm decays.

Therefore, a silicon pixel telescope was added in the tagggobn in the upgrade to
the NA60 experiment. By using this telescope, performingaécimng of the muon tracks
before and behind the hadron absorber, in angular as wellrasinentum space, became
possible. Hereby, the dimuon-mass resolution could beaxeat in the region of the vec-
tor mesonav andf from 80 to 20 MeV£2. Hence, the combinatorial background due
to p- and K-decays could be signi cantly reduced and the muosetfiwith respect to the
interaction vertex, could be measured. Furthermore, tleagth of the dipole eld in the
target region was increased, which enhanced the acceftarmgposite-sign dimuons at
low mass and low transverse momentum with respect to allgue\dimuon experiments.

In Fig. 2.5, a dimuon spectrum, measured in the NA60 experijmie presented
[Arn06]. It shows the opposite-sign, background, and digivauon mass spectra, inte-
grated over all collision centralities. After subtractithg combinatorial background and
the signal fake matches, the resulting net spectrum cangdiaut 360,000 muon pairs in
the mass range of the gure, roughly 50% of the total avadattistics. For the rst time
in nuclear collisions, the vector mesongndf were completely resolved in the dilepton
channel; eventhk! pupdecay is seen. As mentioned before, the mass resolutiom of th
wis 20 MeVKE?.

Within the NA60 experiment, also the rst measurement of thepectral function
was obtained [Arn06]. Low-mass muon pairs were measuredb8AGeV In+in col-
lisions, and a signi cant excess of pairs was observed allogeyield expected from
neutral meson decays. The excess was isolated by subtrattibe decay sources, and
the shape of the resulting mass spectrum is consistent witimanant contribution from
p‘p ! r! u"p annihilation. The associated space-time averaged spémiction
shows a strong broadening, but essentially no shift in nidss.precludes some models
connecting hadron masses directly to the chiral condensate

In the intermediate mass region, betweenrttaad thel=y , the presence of an excess
in the dimuon yield has been con rmed. NA60 was able to sdpatree prompt dimuons
from the pairs resulting from open charm decays and shovadiih excess dimuons are
of prompt origin [Sha06]. The study of the transverse-mam@ndistributions of excess
dimuons at low and intermediate mass implies that, beyord1 GeVi?, the yield is
dominated by a thermal-like contribution, mainly of pattoarigin.

Another evidence for the production of thermal-like muolrpavith masses above
1 GeVK? was also observed in 12&eV In+In collisions [Arn09b]. The yield of muon
pairs in the invariant mass region 1 Ge¥k my, < 2:5GeVk? signi cantly exceeds
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Figure 2.5: Mass spectra of the opposite-sign dimuons (upper histggraombinatorial background
(dashed), signal fake matches (dashed-dotted), andiregsiljnal (histogram with error bars) in 18&eV
In+In collisions, measured in the NA60 experiment [Arn06].
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the sum of the two expected contributions, Drell-Yan dingiand muon pairs from the
decays of D-meson pairs. By tagging dimuon vertices, it veamd that this excess is
not due to enhanced D-meson production, but originates fnmmpt muon pairs, as ex-
pected for a source of thermal dimuons speci c to high-epergcleus-nucleus collisions.
The yield of this excess signi cantly increases from pedgi to central collisions, both
with respect to the Drell-Yan yield as well as to the numbenwéleons participating in
the collisions. Furthermore, the transverse-mag9 (listributions of the excess dimuons
are well described by an exponential function with invelspa parameter$qs around
190 MeV. TheTqg values are independent of dimuon mass for masses larget tRa¥t?
but signi cantly lower than those found at masses below 1 @&VIhere Tef rises up to
250 MeV due to radial ow. This suggests the emission soufdeermal dimuons above
1 GeVi? to be largely of partonic origin, when radial ow has not yeifilbup.

Moreover, thel=y -suppression has been studied as a function of centrality+im
collisions by the NA60 experiment [Arn07]. Thi=y centrality distribution was com-
pared to the one expected if absorption in cold nuclear matbeld be the only mech-
anism responsible for the suppressionlgy -production. For collisions involving more
than 80 participant nucleons, it was found that an extra i®g3on is present. This re-
sult is in qualitative agreement with previous Pb+Pb meaments by the NA50 experi-
ment, but no theoretical explanation is presently able teecently describe both results.
However, recent results of the NA60O experiment with an inepcbcold-matter refer-
ence (p+A collisions) exhibit less suppression [Arn09dje3e results con rm the im-
portance of understanding cold nuclear matter effectctafig the measured=y cross
section. The understanding is important for several plysiasons but is a very compli-
cate task because of many competing effects. A signdtpfelliptic ow has also been
observed, largest in semi-peripheral collisions and atstrarse-momentum values larger
than 1 GeV¢ [Arn08].

The study of dielectron production in relativistic heawyticollisions and in elemen-
tary reactions at lowest energies has been studied by theBFAEXperiment with the
available beam energies of 4.5 GeV for protons an@RGeV for heavy ions at SIS/GSI.
Thus, HADES focuses on pair invariant masses up to 1 &eVhe results of a C+C run
at 2AGeV beam energy provide evidence for a substantial conitoibto the pair yield
in the mass range between 0.15 and 0.5 @&¥om the early phase of the collision.
Dielectrons from this phase are as abundant as pairs fromdhtz decay ofh-mesons
[Aga07]. An even stronger excess above the cocktail of stahtiadronic sources has
been observed in the same invariant-mass region, spamoimgiiep®-Dalitz to ther =w
invariant mass, in the emission of dielectrons from C+Cisiolhs at a beam energy of
1AGeV [Aga08]. The beam-energy dependence of this excessimlfto scale like the
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pion production cross section, rather than like thgroduction cross section, corroborat-
ing earlier ndings of the DLS collaboration. This nding pports the conjecture that the
excess radiation stems predominantly from decays of bayesonances [CBMO09a].
The C+C data agrees with an elementary cocktail within dsess. However, prelimi-
nary results from Ar+KClI collisions at 1. 78GeV exhibit an excess above the elementary
cocktail, and the yield grows faster than linearly withy [Kri09].

Dielectron measurements were also carried out with calbaperiments. The dielec-
tron continuum was measured by the PHENIX experiment at Rihll%m = 200GeV
Au+Au [Afa07] and p+p [Ada09] collisions. In minimum bias AAu collisions the di-
electron yield in the mass range between 0.15 and 0.75é¥Enhanced by a factor
of 3:4 0:2 (stat.) 1:3 (syst.) 0:7 (model) compared to the expectation from a model
of hadron decays that well reproduces the mass spectrunpicgdision. The integrated
yield increases faster with the centrality of the colli@dhan the number of participat-
ing nucleons, suggesting emission from scattering preseissthe dense medium. The
observed yield betweehandJ=y is consistent with the expectation from correlated
production, but does not exclude other mechanisms [Toi07].

Studies on dielectrons at low energies have also beendtaytdhe PHENIX and the
STAR collider experiments at RHIC, and upgrades of the dets@are planned in order to
cope with the low luminosity at these energies. Both, STARRBHENIX have expressed
interest in low-energy running and have started to evaltraie physics capabilities. In
parallel, the RHIC accelerator group is performing dethgtudies in order to investigate
possible luminosity upgrades of the machine at low energies

In future, the upgraded HADES detector will be operated dR-At will be located in
front of CBM. There, HADES will perform systematic studigfsiielectrons in the beam
energy range from 2 10AGeV. After its upgrade 20% double-hit probability, which is
the maximum still allowing a decent reconstruction ef abgnwill be reached for Au+Au
collisions at 1.5AGeV or Ni+Ni collisions at AGeV beam energy. Higher energies will
be studied only in the CBM experiment (see Chapter 4).

2.2 Direct Photons

For more than 20 years photons have been considered as dreernbst valuable probes
of the dynamics and properties of the matter formed in heamycollisions. In contrast
to hadronic particles photons only interact electromagaly and have a long mean free
path. This path is typically much larger than the transvsise of the hot dense medium
created in nuclear collisions. Hence, photons do not inteafter their production and
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leave the reball undisturbed. There are several produati@chanisms for photons emit-
ted in the course of a heavy-ion collision. The sources atmlistate hard scattering,
interaction of hard partons with the medium, medium producin quark matter, and

electromagnetic decay of hadrons. A pragmatic de nitiordoect photons is the dif-

ference between all inclusive photons and photons comong &lectromagnetic hadron
decays in the nal state (decay photons). Direct photonshmmsubdivided into prompt

photons produced in early hard scatterings and thermabpbamitted from a thermally
equilibrated phase.

2.2.1 Thermal Photons

Thermal photons produced in nucleus-nucleus collisiomsbeafurther subdivided into
thermal photons emitted from a QGP and those emitted frondeohayas.

Thermal Photons from a QGP

Like every thermal source also a QGP emits photons due tolbtop radiation from
quarks having an electric charge. Due to the energy-momeotuservation these quarks
have to interact with the thermal particles of the QGP in ptdeemit a photon. Hence,
an ideal, non-interacting QGP cannot be seen. Howevek thidralways be (strong and
electromagnetic) interactions in the QGP, such as quatiktgark annihilation. Due to
energy-momentum conservation the direct annihilationuairigs and antiquarks into real
photons is not possible. Instead, virtual photons are fdrmieich can decay into lepton
pairs (see Chapter 2.1). In lowest-order perturbationriheeal photons are produced
in the annihilation of a quark-antiquark pair into a photorda gluon ¢q! gg) and
by absorption of a gluon by a quark emitting a photgg { qg), similar to Compton
scattering in QED (see Fig. 2.6). A higher-order processtermphoton production is, for
example, bremsstrahlung, which means that a quark radigiaston by scattering off a
gluon or another quark in the QGP.

Thermal Photons from a Hadron Gas

Photons will also be emitted by a hot hadron gas. The micpsatescription of the
thermal photon emission from the hadron gas is based ontégraations between hadrons
in the heat bath. The largest contribution to photon pradaobriginates from vector
mesons, pions, anus decaying into photons. The relevant hadronic processeshamwn
in Fig. 2.7. They are:
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Figure 2.6: Feynman diagrams of the main production processes fortgiletons: (a) quark-gluon Comp-
ton scattering of ordeasa, (b) quark-antiquark annihilation of ordaga, (c) bremsstrahlung of ordeza.

«p r% p g Compton scattering,

« p*p ! r9, annihilation process,

«r%1 p*p g r%decay,
« w! pY w-decay.

The rates of thermal photons in a nucleus-nucleus collidepend on the tempera-
ture via their production fromyg or pions with a thermal distribution, and they have to be
integrated over the whole temperature evolution in theisiol. The temperature evolu-
tion can be calculated using hydro-dynamical models. Fampte, the yield of thermal
direct photons for central Au+Au collisions at 2&eV, as expected at FAIR, has been
evaluated with the BHD (Bjorken hydrodynamics) model indkefce [Kis08b]. It can be
seen that the direct photon-spectrum is very sensitivedanitial temperature parameter
To in the model. A 10 MeV increase ity leads to a twofold increase in photon yield (see
Fig. 2.8).
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Figure 2.7: Feynman diagrams of the main production processes fortgitextons in a hot hadron gas: (a)
pr Compton scattering, (1" p annihilation, (c) -decay.
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Figure 2.9: Rapidity density of prompt photons gt yenm,: with pr > p$ at FAIR energies [Kis08b].

2.2.2 Non-Thermal Photons

Besides the thermal emission of photons from the QGP andiith®h gas there is another
source for direct photons coming from hard parton collisianthe initial non-thermal
stage of heavy-ion collisions. In Fig. 2.9, an extrapolatiett of prompt photons at FAIR
energies is shown. For central Au+Au everito = 650) at 25AGeV one can expect

10 4 prompt photons withpr > 1:5GeVk: for example, at a beam intensity of°10
ions per second, which is the expected maximum intensitAHR Fa target with 1% in-
teraction probability, and a selection of the 10% most emwllisions about 19prompt
photons per second would be expected. Prompt photons aredimephoton source at
large pt. Although the lowpr region is the interesting part, in which the thermal photons
are dominant, prompt photons provide information aboud tsattering processes and
are an important reference for jet-quenching measurenfiea4].

2.2.3 Previous Experimental Results on Direct Photons

The rst experiments for measuring photon yields in higlesgy heavy-ion collisions
have been carried out at CERN by the WA80/WA93 Collaboratiod by the NA45
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(CERES) Collaboration. The NA45 Collaboration measuredt@h yields by thecon-
versionmethod. In this method, the target is used as a converteasa firoduced photon
is converted into an electron and a positron whose momeatuisequently measured by
a Ring Imaging Cherenkov (RICH) detector. In order to sultttiae background, thg®-
contribution is estimated from the measugeddistribution. The contributions of other
mesons, including the relatively large contribution duthodecay of thé-mesons, were
estimated by so-calleahr scaling. Within the systematic errors of 11%, no excess®f th
measured inclusiver spectrum over the expected yield from hadronic sources éas b
found [Irm94].

Evidence for direct-photon production in heavy-ion cadliss was rst found by the
xed target experiment WA98 at CERN SPS in central Pb+Pbisiolhs atIO SNN =
17:3GeV (corresponding to 158GeV beam energy) [Agg00b] and later by the collider
experiment PHENIX at RHIC in Au-Au collisions atSyy = 200 GeV [AdIO5]. In both
experiments, the direct-photon spectra are determineithgistatistical subtraction of the
calculated yield of photons from hadron decays from thel ftaton yield. Moreover,
in PHENIX direct photons at low transverse momenta are elsein a measurement of
internal photon conversions [Ada08].

One of the basic questions in both cases is whether thernoébipd or photons from
jet-plasma interactions are needed on top of the hard diteaton component in order
to explain the data [Rey07]. The measurement of directgohptoduction in Pb+Pb col-
lisions at 158AGeV in the WA98 experiment was performed with a highly-segtee
lead-glass calorimeter. The ratio of measured photonsltoleded background photons,
measured in Pb+Pb collisions with the WA98 experiment, spldiyed in Fig. 2.10 as a
function of transverse momentum [Agg00a]. The upper plowahthe ratio for peripheral
collisions which is seen to be compatible with unity, i.e.indication of a direct-photon
excess is observed. The lower plot shows the same ratio fdrateollisions. The ratio
increases from a value of 1 at lgw to about 1.2 at higlpr. A signi cant direct-photon
signal within statistical and systematic errors is seen®aGEeVE < pt < 3:5GeVEL. The
results constituted the rst observation of direct photamsltra-relativistic heavy-ion
collisions which are signi cant for the diagnosis of quagkton plasma formation.

The nal invariant direct-photon yield per central collii is presented in Fig. 2.11.
The invariant yield of direct photons in central Pb+Pb sdins is extracted as a function
of transverse momentum in the interval 0.5 Ge¥/pt < 4 GeVkt [Agg00a]. As a com-
parison, prompt-photon yields for proton-induced reattion xed targets at 208GeV
beam energy (E704, E629, and NA3) are also shown. In add@ioomparisonto a pQCD
calculation and to a scaled parametrization of p+p dir&éct@n data, which are assuming
that direct photons in p+p and pdare produced in hard scattering processes, are drawn.



2.2 Direct Photons 43

=
©

158 AGeV 2%8pPp + 2%8pp a)

=
o

Peripheral collisions

=
~

=
N

(Ng)meas / (Ng)bkgd

=

| !’."’.”.”.’.’O’."f” B Saiuil il i (el il iy

0.8

0.6

1.8
1.6 Central collisions
1.4

1.2

0.8

0.6

:

0.5 1 15 2 25 3 35 4
Transverse momentum (GeV/c)

(@)

Figure 2.10: The Measured-to-Background ratio of photons in the detesoa function of transverse
momentum for a) peripheral and b) central 28V Pb+Pb collisions. The errors on the data points
indicate the statistical errors only. The-dependent systematic errors are indicated by the shadetsba
A clear direct-photon signal is seen in central collisioesd®en transverse momenta o And 35 GeVk
[Agg00a].



44 Chapter 2: Probing Heavy-lon Collisions with Dileptons dtbtons

__ 10
N C
> : 158 AGeV 2°®pb + ?%pp
o I Central collisions
“o 1 F )
~ F B WAO98 This result
“jg_ - PA results at s¥? = 19.4 Gev
~ L I scaled to s = 17.3 GeV
% 10 F O E629
w i O E704
Z'-“ _2’ N A NA3
= 10°F M
F N \T
10°F Ii
i SN[
o 2l
10*F ?%
S pQCD with CF 1'1-
. <kZ> = 0.9 (GeVic)? AN '
10 £ (Wong and Wang, 1998) A‘\
r ~ON
[ ——— p+p parameterization A¢ ¥
5 (Srivastava, 2001) l?
10'65 + k-smearing R \\
E (Turbide, Rapp, Gale, 2004) “OON
B N
10-7 R SN R B BT /A V. /A B
0 0.5 1 1.5 2 25 3 35 4 4.5

Transverse momentum (GeV/c)

Figure 2.11:The invariant direct-photon multiplicity for central 18&eV Pb+Pb collisions [Agg00a]. The
error bars indicate the combined statistical and systeneators. Data points with downward arrows indi-
cate unbounded 90% con dence level upper limits. Resultseokral direct-photon measurements (E704,
E629, and NA3) for proton-induced reactions have beenddaleentral Pb+Pb collisions at 15&eV for
comparison. The shortly-dashed line shows a comparisomp@GD calculation and the long-dashed line
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This comparison shows that fpir & 2:5 GeVk the direct-photon yield is consistent with
the expected yield from hard scattering. At lower transsenomentagr . 2:5GeVk),
one possible explanation of the observed spectrum may bmahg@hoton production.
However, from the comparison to a hard scattering contohbut is very dif cult to draw
rm conclusions since they are only based on a comparisondoretical calculations and
without an additional measurement of afpreference.
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Direct photons were also measured by the PHENIX experimeRHIC in central
p+p and Au+Au collisions al? Sy = 200 GeV [Ada08]. In Fig. 2.12, the direct-photon
spectra are compared with the direct-photon data from Beéer [AdIO5, AdIO7] and
NLO pQCD calculations. The lled data points at 1 Ge\ pt < 5GeVEk are obtained
in a measurement of the productionedfe pairs formee < 300 MeVE?. An enhanced
e*e vyield above hadronic sources is observed. The excess catabed to virtual pho-
tons, and the invariant yield of direct photons is deducedentral Au+Au collisions, an
excess over p+p is observed, which is exponentighinwith an inverse slope parameter
T =221 23(sta) 18(sy9 MeV, and can be related to a thermal origin of photons: hy-
drodynamical models with initial temperaturgsof 300 600 MeV at formation times of
0:6 0:15fmfc after the collision are in qualitative agreement with theaddhe highpr
spectra (open points in Fig. 2.12) are obtained with eletagnetic calorimeters consist-
ing of two subsystems: six sectors of lead-scintillatords@ch calorimeter (PbSc) and
two sectors of lead-glass Cherenkov calorimeter (PbGB.AQCD calculation is consis-
tent with the p+p data within the theoretical uncertaintiegpr > 2 GeVk. The p+p data
can be well described by a modi ed power-law functi@ipp(1 + p%:b) M) as shown by
the dashed curve in Fig. 2.12. The Au+Au data are above thetgtpve scaled by the
nuclear overlap functiofipa for pr < 2.5 GeVEk. Taa is related to the number of binary
collisions via the inelastic cross sectioNcgi  TaaSpp) and is estimated on the basis
of Glauber calculations for the different centralitiesisTeo-called binary scaling is ex-
pected to hold if hard scattering is the only source of digattons. It is seen that the
direct-photon yield in the lowpr range increases faster than the binary-scaled p+p cross
section [Ada08].
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Figure 2.12: Invariant cross section (p+p) and invariant yield (Au+Ad)direct photons as a function
of pr. The lled points are from Reference [Ada08] and open poarts from [AdIO5, AdIO7]. The three
curves compared to the p+p data represent NLO pQCD calonftand the dashed curve shows a modi ed
power-law t to the p+p data, scaled Bya. The black curves on top of the Au+Au data are exponentials
plus theTaa scaled p+p t[Ada08].



3. Interaction of Charged Particles
and Photons with Matter

In general, particles and electromagnetic radiation cdy loe detected through interac-
tion with matter. Depending on the measurement techniqaeking, energy measure-
ment, particle identi cation) different processes areevant. Electrically charged parti-
cles can be detected as they leave characteristic traiBubecthey lose energy when
traveling through detector material, which can be gasdaysd, or solid. Charged par-
ticles lose energy in matter primarily by colliding with atec electrons of the material
(excitation and ionization) and by the emission of brenasdtmg when they scatter off
nuclei. Strongly interacting particles can in additiord@mnergy through hadronic interac-
tions like inelastic nuclear collisions, or nuclear extgas. Photons interact viaompton
scatteringwith atomic electrons, or they convert via tpaotoelectric effecand pair-
production The latter being dominant at high energies { MeV). Subsequently, the
produced electrons and positrons can be detected, like otfa@ged particles, through
their energy loss mainly due to ionization and excitatiothef medium. This energy loss
is fundamental to most particle detectors, in particulagdseous detectors.

3.1 Energy Loss of Charged Particles

Electrically charged particles can be detected via thectebmagnetic interaction. Mod-
erately relativistic charged particles other than elewrimse energy in matter primarily
by ionization and atomic excitation, whereas high-eneiggteons predominantly lose
energy in matter via bremsstrahlung for momenta of intarelseavy-ion collisions. The
mean speci ¢ energy loss for particles heavier than elestis given by the Bethe-Bloch
formula [Ams08]:

€ _ 221 1 2mc?b’FTnax (o deor(bd .

dx AbZ 2 12 2

(3.1)

with K=A= 4pNar2mec?=A= 0:307075MeVg ‘cn? for A= 1gmol 1, re andme are the
classical electron radius and electron masss the charge of the incident particléthe
atomic number of the absorbédthe atomic mass of the absorbethe mean excitation
energy, andl.o(bg) is the density-effect correction to the ionization ene@ssl Tmax IS
the maximum kinetic energy that can be imparted to a fredrele@ a single collision:

a7
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Figure 3.1: Stopping power (b ‘(’J—Ei) for positive muons in copper as functionlof= p=Mc over nine
orders of magnitude in momentum (12 orders of magnitude metic energy) [Ams08]. For the energy
loss due to ionization and excitation the curves with andheuit density-effect correction are shown. At
the critical energy,, the energy loss due to ionization equals the energy lossodoremsstrahlung. The
solid curve indicates the total energy loss which is the stithetwo.

2mep?

Tmax= M2+ 2gmem+ m§: (3.2)

As the particle energy increases, its electric eld attenshe forward and backward
directions and extends in the transverse direction, sdhleatistant-collision contribution
to the total energy loss due to ionization and excitationdases as (ing). Since materials
become polarized, the electric eld of the particle is paliyi screened. That is why the
density-effect correctiod.q Was introduced.

Fig. 3.1 shows the stopping power due to ionization and atioit of muons in copper
versus the muon momentum [AmsO08]. It can be seen that hedetisty-effect correc-
tion becomes relevant for muon momema 200 MeVEk. A slight dependence on the
incident particle mass at highest energies is introduceaitih Ty,ax, but for all practical
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Figure 3.2: Mean speci ¢ energy loss in liquid hydrogen, gaseous helicambon, aluminum, iron, tin, and
lead [Ams08]. Radiative effects, relevant for muons andgj@re not included. They become signi cant
e.g. formuonsiniron fobg 1;000, and at lower momenta for muons in higizesbsorbers.

purposes in high-energy physicE=tx in a given material can be regarded as a function
only of bg The speci c energy loss for particles of the same velocigysimilar in differ-

ent materials. A slow decrease in the energy loss with isong& can be seen in Fig. 3.2.
Here, the Bethe-Bloch equation is shown for muons, pions paotons.

The different shapes of the stopping power functions of a(Bl@$ compared to the
other materials is due to the density-effect correctigia(bg). The stopping power func-
tions are characterized by broad minima at atimt 3 to 3.5 for materials witlZ from
7 to 100. For reactions considered here most of the produadtbhs have mean spe-
ci ¢ energy-loss close to the minimum and thus are calledimum ionizing particles, or
MIPs.
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The quantity( %—E)Dx is the average energy loss due to ionization and excitatian i
layer of the medium with thickned3x. The exact energy loss uctuates around this aver-
age value. For detectors of moderate thickneske energy-loss probability distribution
is adequately described byLandau distributionwhich is skewed towards larger values
(the Landau tail). For thicker absorbers the distributmiess skewed and only for very
thick absorbers, where the energy loss exceeds half of igaak particle energy, the
distribution is roughly Gaussian. However, it never apph@s an exact Gaussian shape.
It is expected that there is a long 'tail' at large energy éssslue to delta ray ejection
(secondary electrons with kinetic energies ) or other processes. This can be reduced
by taking a large number of samples rejecting any large atiins from the mean. In
addition, in a dilute medium, for example a gaseous detettiere can be a statistical
uctuation in the number of produced primary ion-electrairg. When passing through
a dilute material of the length, the most probable energy losdi3Ei h dE=dxiL. The
Landau distribution of deviation®E h DEi, expressed in terms of fractional deviations
of the mean loss about the most probable energy loss is [Gre00

P(k) = 1917_pe 1=2(k+e ). (3.3)
DE h DEi
K %: (3.4)

This distribution is asymmetric around the mean and skewesrds large values &
as expected since it represents the effects of energeta i@sls. A plot of the charge
deposited in a gas- lled proportional chamber is shown ig. .3 for MIP incident on
the detector. The existence of a peak and a long Landau tabealearly seen.

Nevertheless, the Landau distribution fails to describergynloss in thin absorbers
such as gas TPC (Time Projection Chamber) cells and Si dese®#hen going to thinner
absorbers, the distributions become signi cantly widdnisTis associated with another
phenomenon known adraggling For example, particles with the same initial energy do
not all stop within the same distance,There are uctuations in the energy loss, and also
multiple scattering uctuations in the path length.

For electrons and positrons the Bethe-Bloch equation (B has to be modi ed due
to the small mass of the incident particle because in the abskectrons and positrons,
the assumption that the incident particle remains unde@curing the collision process
is invalid. In addition, for electrons the collisions areween identical particles and are
thus indistinguishable, which also has to be taken into@atd his means that the range
of the kinetic energy extends only to half of the kinetic gyeof the incident particle. At
low energies electrons and positrons primarily lose enbggipnization, although other
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Figure 3.3: Typical Landau distribution of energy loss measured by tierge deposit on a wire-chamber
cathode by the passage for MIPS. This wire chamber has a gaseof 12 mm Xe(85%)Ce{15%).

processes (Mgller scattering, Bhabba scatteghgnnihilation) contribute. High-energy
electrons predominantly lose energy by bremsstrahlunthdroremsstrahlung process,
the electron emits photons when being decelerated in tlteoéh nucleus. The process
strongly depends on electron energy and the medium: itaseapproximately linearly
with the energy and quadratically with the atomic charge Ieird of the medium. This
effect dominates above the critical eneigy roughly parametrized & 600 MeV/Z
[Pov99].

The characteristic amount of matter traversed these elaeagnetic interactions is
called radiation length X%. It is the mean distance over which a high-energy electron
loses all but 1¢ of its energy through bremsstrahlung. The radiation lengthlso the
appropriate scale to describe high-energy electromageascades, and it is given in
Chapter 3.3 (see page 62: Eq. 3.15). The fractional eneggyimaunits of radiation length
as function of the electron or positron energy is shown fadlm Fig. 3.4. The radiation
length in lead isXo(Pb) = 6:37 g/cn?, and in Fig. 3.4, for this value the curves are shown
[AmsO08].
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Figure 3.4: Fractional energy loss per radiation length in lead as fanaif electron or positron energy for
a radiation length oXo(Pb) = 6:37 g/cnt [Ams08].

3.2 Additional Mechanisms for Radiative Energy Loss
of Charged Particles

Besides the main sources of energy loss like ionization aedagion, as described in
Chapter 3.1, charged patrticles can also lose energy byti@ulike Cherenkov radiation
andtransition radiation

3.2.1 Cherenkov Radiation

A charged particle in uniform unaccelerated motion in vaouloes not radiate. However,
if a particle is moving with uniform constant velocity in a diem, its electric eld will
interact with the medium and in casew# c=n, this interaction can result in the emission
of real photons, the so-called Cherenkov radiation. Fi§.shows the geometry of the
Cherenkov emission angle. Particles are moving with constlocity in a medium with

a refractive index greater than 1. Thus, the speed of light in the medium is lessthe
vacuum speed of light. If the velocity of the particle is karghan the velocity of light
in the medium, a wave front (in analogy tdvach cong is formed in the medium. It is
shown that according to Huygens' principle wavelets arettehfrom each point in time
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Figure 3.5: Construction of the Cherenkov emission angle via elemgntarves [Gre00].

which add up constructively along a line de ned by the Ch&mnangleqc. The angle
relation can be derived with the geometry construction g Bi5:

Ch = C=n;
CO(c = Cph=v~= Cpht=vt
= c=nv= 1=bn

forv> cyand cogc< 1if b> 1=n.

The mean number of photons produced by a particle with thegelez at a given
wavelengtH is [Ams08]:

d®N _ 2paz? 1 _
v I b2n2(1) (3.5)

The energy loss connected with this process is negligibhepesed to the particle's
energy but the Cherenkov radiation can be used in the deteatid identi cation of
particles (e.g. electron/pion separation). Cherenkowntars utilize one or more of the
properties of Cherenkov radiation: the existence of a tiolesfor Cherenkov radiation,
the dependence a@f on the velocity = bc of the particle, and/or the dependence of the
number of emitted photons on the velocity of the particle.
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3.2.2 Transition Radiation

Transition radiation (TR) is produced when a relativistartiele traverses an inhomo-
geneous medium, speci cally the boundary between mateniath different dielectric
constant®. It is known from Cherenkov radiation that it is emitted wheenharged par-
ticle, moving in a medium, has a velocity exceeding the \igjarf light in that medium
Cn (see Chapter 3.2.1). If the particle is moving with a unifaomstant velocity, its elec-
tric eld will interact with the medium and this interactiarzan cause the emission of real
photons. Since the angle of emission and the intensity ehtiad depend on the velocity
of the particle, Cherenkov radiation can be used to detegritia velocity of a charged
particle.

The dielectric constarg in a medium depends on the frequengyof the electro-
magnetic radiation (dispersion). At frequencies far alibeehighest optical resonant fre-
guency.e takes on the simple form [Jac75]:

W2
ew)' 1 W;’; (3.6)

where

W= 4pNZeZ: (3.7)

m

The frequencywp, which depends only on the total numidéZ of electrons per unit
volume, is called th@lasma frequencgf the medium. The wave number is given by:

q

ck= w? w3 (3.8)

If EQ. 3.8 is solved fow, it is often calleddispersion relatioror equation fow = w(Kk).
In dielectric media, Eq. 3.6 only applies faf Wg. The dielectric constant is then close
to unity, although slightly less, and increases with fretye

In a material withe> 1, the threshold velocity for Cherenkov emission is smakian
c. If e< 1, the threshold velocity is larger tharand no real photon emission is possible
in an in nitely long radiator.

The optical behavior, characterized by the complex digtecbnstang, is schemati-
cally illustrated in Fig. 3.6. In this picture, the real péRee) is the refractive index and
the imaginary part (Ine) is a parameter for the absorption. Althousis still smaller than
unity for w? wg, under certain conditions a real photon is emitted instdadmzing
an atom or exciting the matter. These conditions are in @ehlsy the radiator size and
alignment.
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Figure 3.6: Schematic illustration of the dielectric constant as figrcbf the photon energy [Jor05]. The
real part (Ree) is the refractive index and the imaginary part @ris a parameter for the absorption.

The conditions for real-photon emission can be ful lled bgite length radiators
where the emission angle is not unique (for a detailed detszni see Reference [Gre00]).
Due to the diffraction broadening of the distribution of esion angles, a particle with ve-
locity smaller tharc can still emit photons with cap< 1. This phenomenon is called the
sub-threshol@mission of Cherenkov light. This sub-threshold emissigghotons, when
particles traverse a thin segment of material, is calleasiteon radiation (TR) because it
is caused by a transition in the index of refraction betwéenvacuum and the material
(or two materials). TR already occurs when being belowtkthikreshold for Cherenkov
radiation but in a nite length medium.

If a charged particle traverses a thin Im the radiation pattcan be described by the
pattern due to a nite length Cherenkov radiator. The daantof quantities is shown in
Fig. 3.7 a). In this illustration, the particle travels thistednceL in the Im. The wave-
length in the medium % and the emission angle of the radiation in the mediun.is
For a nite wave train there is a diffraction pattern beca@wrenkov radiation is only
emitted over a nite distance. When assuming a very longaiadithe diffraction pattern
can be approximated to a very sharp emission angle in theumegfl But for short ra-
diators the problem can be treated as slit diffraction froméntrance and exit points (A
and B).
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a) b)

= A+ Al
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Figure 3.7:a) De nition of quantities used for the description of tréim radiation effect. This effect can
be thought of as a pattern due to a nite length Cherenkovatadi b) an interference pattern is seen at
the observation point O due to amplitudesind A for emission from the front and back of the Im, the
optical path length difference is equivalent to the phafferdince between the amplitudes.

The optical path difference to an observation point O (as §&&ig. 3.7 b)) leads to
a phase difference between waves produced from points A afdh@&diffraction peak
is centered at ca®= 1=b e (the Cherenkov angle with an angular width oD
| ©L. For a very thin radiator, the chance for sub-thresholdatamhi is not necessarily
negligible.

Considering the point O an interference pattern can be seeradthe amplitudes
and Afrom points A and B with an optical path length difference igglent to the phase
differenced. The intensityl is 4Aj2sir?d. If d! p=2, the intensity approache$A§?,
which is the maximum constructive interference value, wifid! 0 the interference is
destructive and the intensity approaches zero. For rand@sgs the intensity is half of
the maximum intensity.

Since there is a discontinuity in the phase at the entrarioghe medium and none at
the exit, the phase at the entrance and exit transition (fam aitesimally small radiator)
differs by 180. Thus, a suf cient optical path length difference is neededvoid de-
structive interference. This is an important considerafar the design and construction
of radiators.
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Frequency Spectrum

In contrast to Cherenkov emission the frequency spectruiiiRois not at. It has high
frequency components because its existence depends onitkewnidth diffraction pat-
tern,d wL=c, derived from the Cherenkov process for a nite length réatialypically,
Cherenkov light is emitted in the optical region and near While transition radiation is
emitted in the X-ray region. This characteristic high freqay emission is a consequence
of the diffraction broadening for sub-threshold Cherenkavission occurring at a real
angle.

The double differential cross section for transition réidiais proportional to the ne-
structure constarat and is given below [Gre00]:

" #
@Neg A, 12 1 2% w?
T T S (3.9)
w5, 1
dV_ I q + ? )

whered, is the vacuum phase shift. Here, it ensures that there weradiation if the
thin Im were a vacuum, i.e. without a transition in the indekrefraction. The photon
spectrum can be obtained by integrating Eq. 3.9:

dNrr _ Z_a[ 1+[In(1+ 152)](y? + 1=2)]; (3.10)

dw pw

with y = w=gw:

The expression rr=dw falls off rapidly fory > 1 or whenw is larger than the char-
acteristic frequencgw, (with wy being the plasma frequency of the radiator material),
respectively. Foy 1, a limiting case is Nyr=dw! 2a=pw[In(1=y)].

One can assume from Eq. 3.10 that the integral over traresrfittquencie®y 1,
neary 1isNyr a. This means that for transition radiationa = 1=137 photons per
interface are emitted with energies of typica{y-w,)=3.

As shown before, the angular distribution of transitioniatidn is peaked forward
with a sharp maximum aj = 1=g, hence strongly collimated along the direction for rela-
tivistic electrons [Gre00]. This typical emission anglelef)jis a consequence of special
relativity:

Ntr DE:eg a,
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& ~W g(~wp); (3.11)

1
hqi g

In a simple picture, transition radiation can also be regadwk being due to the chang-
ing dipole moment formed by the charge andiiteage charge on the opposite of the
interface. The image charge is equivalent in effect to tleiged charge density at the
interface needed to match the boundary conditions. Thegehand image charge pair
creates a dipole which changes with time and changes direatithe point of crossing
the interface thus causing radiation. The interface is thietpvhere the pointing of the
dipole vector ips direction indicative of maximum acced¢ion.

Useful Properties

The previously discussed characteristics of transitiaimataon (TR) make it suitable for
particle discrimination, particularly of electrons andlhans in the momentum range that
is reached by patrticles produced in heavy-ion collisiorspdgially, the proportionality
of the emitted energy by TR to the Lorentz factor allows the ingparticle identi cation
whereas e.g. the Cherenkov effect becomes uselessiwéygproaches unity.

The effect of transition radiation can be exploited in a Biaon Radiation Detector
(TRD) for electron identi cation. A typical TRD consists @f radiator, in which TR is
produced, and a multiwire proportional chamber (MWPC) far mmeasurement of energy
loss of ionizing radiation [Dol93]. The electron identitan in a TRD is based on the
measurement of E/dx by ionization plus TR for electrons andeftix by ionization for
other charged particles. This detector principle is alsasaged for the CBM TRD, which
is described in detail in Chapter 5.

The following properties of TR are of particular importarioethe design of TRDs.
The intensity of transition radiation is roughly proportal to the Lorentz factor:

1
Il g pﬁ (3.12)
Hence, this radiation offers the possibility of particleeidi cation at highly relativis-
tic energies, where Cherenkov radiation or ionization mesments no longer provide
useful particle discrimination. When also measuring titeors radiation electron/hadron
discrimination is possible for momenta from about 1 Gefd/100 GeV¢ or higher, where
this upper limit is determined by the radiation of highlyatlistic particles.
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The angular distribution of transition radiation is pealtedvard with a sharp max-
imum atq = 1=g, hence rather collimated along the direction of the radgaparticle.
The total energy radiated from passing a single foil is fotmdepend on the squared
difference of the plasma frequenciag of the two materials; if the difference is large
(e.9~Wair  0:7 eV and~Wpoiypropylene 20 €V) the relation is [Boc98]:

2

wherea = %7 The average number of radiated photons is of the ader

ag "'Wp .

hNi i

(3.14)

The emission spectrum typically peaks between 10 and 30ksaé (Refer-
ence [And06b]). In order to identify the photon ux, pericdarrangements of a large
number of foils are in use, interleaved by X-ray detectoxg, MWPCs lled with xenon
or a Xe/CQ mixture. Thin foils of lithium, polypropylene, polyethyle, or carbon are
common radiator materials. Randomly spaced radiatorslsoarause, like foams, gran-
ules, or ber mats (see Chapter 5.1).

3.3 Interaction of Photons with Matter

In order to be detected, photons have to produce chargadlpsitr to scatter with them
in interaction processes in the detector medium. Thesgetararticles, mainly electrons,
provide detector signals predominantly due to subsequoeitation. The interaction pro-
cesses of photons with matter essentially differ from iatian processes of charged parti-
cles because in every photon interaction process the ple&itiner completely absorbed
(photoelectric effectpair productior) or it is scattered at a large angl@égmpton effegt
On the one hand these processes provide the basis for thamaeant of photons, on the
other hand they are also the main source of background fand@surement of electrons
and positrons.

Photoelectric Effect

The interaction of the photon with the atom as a whole leadkdghotoelectric effect.
This effect is due to the absorption of a photon by an atom abdexjuent electron emis-
sion:

g+ atom! atom’ + e :
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The maximum kinetic energy of the emitted electron is givgthe maximum photon
frequencynmay and the work functioVa:

Ekin:max= hNmax WAa;

whereh is Planck's constant. Since a free electron cannot absotiotop while con-
serving the total energy and momentum, the photoelectigéciedlways occurs on bound
electrons with the nucleus absorbing the recoil momentume.dependence of the cross
section on the atomic charge numlZevaries somewhat depending on the energy of the
photon, however, at MeV energies, this dependence gog&stashe 4th to 5th power.
Thus, the higheZ materials are the most favored ones for photoelectric atisor The
photoelectric effect is dominant up to energies of arour@ksy for low-Z materials like
carbon withZ = 6, whereas it is dominant even up to energies of around 10 Me\¢ad
with Z = 82 (see also Fig. 3.9). The photoelectric cross sectionasacherized by dis-
continuities (absorption edges) as thresholds for phataation of various atomic levels
are reached.

Compton Effect

The interaction of the photon with a free electron is callesrpton scattering. The pho-
ton transfers a part of its energy/momentum to the electribially at rest:

g+te ! gt+e:

After the scattering with a free electron, the wavelengtthefphoton is increased by:
h
DIl = — (1 cosf);
meC

wheref is the angle by which the photon direction has changed dukectattering.
The frequency and energy of the photon reduce accordingetavitve length, whereas
the energy of the electron increases by this amount. The sedion for Compton scat-
tering off atoms is proportional t6 sinceZ electrons are available as potential scattering
partners. The Compton effect is most important for phota@rgies from about 100 eV to
about 1 GeV (10 GeV) in carbon (lead) (see also Fig. 3.9).

Pair Production

The interaction of the photon with the Coulomb eld of the faws leads to the phe-
nomenon of pair production, whereby the photon disappeadsam electron and a
positron are created simultaneously:
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e

Figure 3.8: Feynman diagram of a photon conversion intosde pair in the electromagnetic eld of an
electron or a nucleus with the chargee.

g+ nucleud €' +e + nucleu$

The cross section for this process is proportionaZ1oAt high energies it becomes
independent of the photon energy, and screening of therielesitd of the nucleus by the
atomic electrons has to be taken into account.

Due to energy and momentum conservation, a photon cannay d#o ane" e pair
in the vacuum. A part of the momentum has to be transferre¢ &iwen the electron or
positron. This can happen by exchanging a photon with a elapgrticle as shown in
Fig. 3.8. For a photon traversing detector material thisgd particle can be an electron
but most likely it is a nucleus.

Fig. 3.9 shows the contributions of different interactiongesses to the photon cross
section in a heavy element, here in lead. At low energiesseen that the photoelectric
effect dominates, although Compton scattering, Rayleggtttering (elastic scattering),
and photo-nuclear absorption also contribute. Startingnagnergy of 1,022 keV, twice
the electron mass, the conversion of the photon inte'an pair is possible in the elec-
tromagnetic eld of a nucleus or an electron. Above a photoargy of 100 MeV pair
production is the dominant process. The cross section femptiocess saturates at some
higher photon energy.

Photon Radiation Length

As illustrated in Fig. 3.9, high-energy photons predomthalose energy in matter by
e* e -pair production and the cross section is roughly constaahargies above 1 GeV.
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Figure 3.9: Photon total cross section as a function of energy in leanlysty the contributions of different
processes [Ams08E e = atomic photoelectric effect (electron ejection, photosaption),s rayleigh=
Rayleigh (coherent) scattering - atom neither ionized moited,s compton= incoherent scattering (Comp-
ton scattering off an electron,, c = pair production, nuclear eldke = pair production, electron eld,
Sgdr: = photo-nuclear interactions, most notably the Giant Difgsonance.

This allows to de ne a mean free path for photons which isatlyerelated to the radiation
length Xo. The radiation length, as already introduced for election€hapter 3.1, is
usually measured in g cm. As seen later, the mean free path for pair production by a
high-energy photon i% of the mean free path for bremsstrahlung by an electron [&jns0

Xp can be calculated with [Tsa74]:

%= 4ar§%fZZ[Lrad f(2)]+ ZLo; (3.15)
wherea %7 is the ne structure constante = 2:818 fm the classical electron radius,
Na= 6:022 10?3mol !the Avogadro numbeA the atomic mass aridthe atomic num-
ber of the material. FoA= 1gmol 1, 4ar2™ = (716.408gcm?) 1. The parameters
Lrag and L?ad are given in Table 3.1. The functioi{Z) is an in nite series, for elements
up to uranium it can be represented by

f(2)= a?[(1+ a%) 1+ 0:20206 0:036%%+ 0:008%* 0:002:%; (3.16)



3.3 Interaction of Photons with Matter 63

Element Z Lyad L9,
H 1 5.31 6.144
He 2 4.79 6.144
Li 3 4.74 6.144
Be 4 4.71 6.144
Others >4 In(1845Z 3) In(1194 %)

Table 3.1: Parameterd. 5g and L?ad, for calculating the radiation length of an element using B45
[Ams08].

wherea = aZ. The radiation lengtbXy as seen in Eq. 3.15 depends on the square of the
atomic numbek. This functional dependence ¥§ onZ is more obvious when regarding
a tto the data by Dahl [Ams08]:

7164gcm 2A
Z(z+ 1)In(287= 2)’
The results obtained by using this formula agree with theesbf Eq. 3.15 better than
2:5% for all elements except helium, where the result is abda®tcdow.

With some approximations the differential cross sectiodetermined for electrons
and photons as follows. The differential cross section fatpns can be described by

ds A 4
o 3 ) (3.18)

in the complete-screening limit at high energies. Hare, E=k is the fractional energy
transfer to the pair-produced electron (or positron), lmglthe incident photon energy.
Eg. 3.18 can be integrated to nd the high-energy limit fog tbtale” e -pair production
Cross section:

XO:

(3.17)

7 A
S = IXGNA- (3.19)

Eq. 3.19 is accurate to within a few percent down to energidésvaas 1 GeV, particularly
for high-Z materials. This formula can be used to calculate the exgetteversion prob-
ability for photons in selected converter material and ipanant for the reconstruction
of photons via conversions in& e pairs (see Chapter 7.4.2).

Analogously to Eq. 3.18, at high energies, the differerdraks section for electrons
radiating bremsstrahlung can be described by

ds _ A 4 4 o

A XoNKE 3t (820
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wherey = k=E is the fraction of the electron’s energy transferred to #wiated photon.

The formulas for the differential cross sections for paweuction (Eq. 3.18) and for
bremsstrahlung (Eg. 3.20) are essential for the desanigifaelectromagnetic showers
e.g. produced in electromagnetic calorimeters.



4. The CBM Experiment

The CBM (Compressed Baryonic Matter) experiment at theréulacility for Antiproton
and lon Research (FAIR) is designed for the investigatiohigily compressed nuclear
matter. This super-dense nuclear matter can be createc iretiction volume of rela-
tivistic heavy-ion collisions (see Chapter 1.3). By varythe beam energy and the reac-
tion systems, different states and phases of stronglyaatieig matter are expected to be
produced. The CBM research program includes the searcinéodécon nement phase
transition at high baryon densities, the study of chiral syetry restoration in superdense
baryonic matter, the search for the critical endpoint, dredstudy of the nuclear equation
of state at high baryon densities (see Chapter 1).

4.1 The Future Facility for Antiproton and lon
Research (FAIR)

The FAIR accelerator facility comprises a multifacetedeace program, with beams of
stable and unstable nuclei as well as antiprotons in a widgeraf intensities and ener-
gies and excellent beam qualities [FAIO6]. A sketch of theife FAIR together with the
existing GSI facilities is presented in Fig. 4.1.

FAIR comprises two synchrotrons (SIS 100/300) with a cirfanence of about
1,000 m and with magnetic rigidities of 100 Tm and 300 Tm, eesipely. In conjunction
with an upgrade for high intensities, the existing GSI aexabrs UNILAC and SIS 18
serve as injectors for the new synchrotrons. Adjacent talthile-synchrotron is a com-
plex system of storage-cooler rings and experiment ststiopluding a superconducting
nuclear fragment separator (Super-FRS) and an antipratmstuption target. Beyond,
there is the storage ring for antiprotons (high-energyasjerring (HESR)), the collector
ring (CR), and the new experimental storage ring (NESR).

On the one hand, FAIR provides beams of rare isotopes angraitins with an un-
paralleled intensity and quality and on the other hand, aledify is designed to provide
particle energies twenty times higher than those achiev&fsh so far. Up to now, this
energy regime has only been explored at the AGS up to aboNGEY.

Due to the intrinsic cycle times of the accelerator and ggereooler rings, up to four
research programs can be run in parallel. The experimeatgities include the CBM ex-
periment investigating nucleus-nucleus collisions ahbgj baryon densities, the PANDA

65
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Figure 4.1: Present layout of the the existing GSI facility (blue ancck)}g UNILAC, SIS 18, ESR) and the
intended FAIR facility (red): the superconducting syndtwas SIS 100 and SIS 300, the collector ring CR,
the accumulator ring RESR, the new experimental storageNBSR, the superconducting fragment sepa-
rator Super-FRS, the proton linac, and the high energy ianitip ring HESR. The experimental stations for
plasma physics, relativistic nuclear collisions (CBMY}li@active ion beams (Super-FRS), atomic physics,
and low-energy antiproton and ion physics (FLAIR) are alson.
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detector for hadron physics experiments using cooled biggrgy antiproton beams, the
NUSTAR detectors used for experiments on the structure sfalne nuclei and on nu-
clear astrophysics as well as experimental setups for plgdwsics and atomic physics.

In order to meet the demands of all experiments, the FAIR laa®r facility has
to ful Il a set of very different requirements. FAIR is exped to provide beams of all
ion species, from hydrogen to uranium, as well as antiptmvering a large energy
regime (from particles at rest up to several tenGEV energy in the laboratory frame).
In order to achieve highest baryon densities and enablercphesduction in high-energy
nucleus-nucleus collisions, the SIS 300-synchrotron ssgied for beam energies of up
to 35AGeV for U’?* (see Chapter 1.3.1).

A unique feature of the FAIR facility, which is the major advage for heavy-ion
physics, compared to RHIC and CERN at the same energy, isoglylity of providing
extremely high beam intensities. For primary beams, thengity increase aimed for is a
factor of several hundred for the heaviest ion species cozda present installations at
GSl.

SIS 300 Synchrotron

The beams for CBM will nally be provided by the SIS 300 synation. The two syn-
chrotrons SIS 100 and SIS 300 will be built on top of each atman underground tunnel.
They are equipped with rapidly cycling superconducting nedg. Both heavy-ion and
proton beams can be compressed to very short bunch lengiinse® for the production
and subsequent storage and ef cient cooling of exotic nald antiprotons. These short
ion bunches are also needed for plasma-physics experiments

The available kinetic beam energy per nucleon depends ohehding poweB r
provided by the dipole magnets:

q
E=A= (03 Br Z=A)2+m m, (4.1)

with B r = 300 Tm for the maximum beam rigidity of SIS 30A.is the atomic mass,
Z is the atomic number, ana is the average mass of a nucleon. According to Eq. 4.1,
the SIS 300 provides high-energy ion beams of maximum eee@iound 48GeV for
Nel® beams and close to 285eV for fully stripped W% beams. The highest available
proton energy for a beam rigidity of 300 Tm is 89 GeV. The maximintensities in this
mode are 1&s ! for protons and close to 28 * for Au ions. These high-energy beams
are extracted over periods of 10L00 s in quasi-continuous mode.

According to the current FAIR schedule, beams in the SIS 1igbthecome available
as of 2014, and the SIS 300 synchrotron will be completedea¢énliest in 2016.
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4.2 Physics Goals and Observables of the CBM
Experiment

The main challenge of the CBM research program is to nd dasgic probes which
are associated with the equation-of-state of dense baryoatter, the chiral symmetry
restoration, and the phase transition to decon nementudiceg the QCD critical end-
point. CBM is a heavy-ion xed target experiment in the energnge of 10 45AGeV,
and its goal is to look for rare probes, in particular, by takadvantage of FAIR in terms
of high intensity heavy-ion beams.

The observation of in-medium modi cations of hadron prdper might be a signature
for the onset of chiral symmetry restoration. The in-medgpectral function of short-
lived vector mesong ( w, andf ) can be measured directly via their decay into dilepton
pairs (see Chapter 2.1). Since dileptons are essentiadlfjaated by the passage through
the high-density matter, their study will provide infornaat on the conditions in the inte-
rior of the collision zone.

In-medium production processes and the properties of highinpressed strongly-
interacting matter can be probed by measuring particlesgtng charm, since they are
created in the early phase of the collision (see Chapte2)1 Bt FAIR energies, the charm
production plays a particular role since charmonium (a blogtate ofcc), D-mesons (a
bound state of a heavy charm quark and a light quark), andrgdhhyperons are created
at beam energies close to the kinematic threshold. Thuprturiction cross sections are
very sensitive to the surrounding medium at the time of tbegation, which is the early,
high-density phase of the collision.

The anomalous suppression of charmonium due to screerfegjsein the QGP was
predicted to be an experimental signal of the QGP [Mat862000,J=y data from heavy-
ion collisions were measured with the NA50 experiment at §EFPS [Abr00, Abr01],
but the interpretation of the results is still under disousss the data can be explained as
well within hadronic scenarios. However, the yield and ghsggace distributions of open
and hidden charm is regarded as a very promising probe fap@ie Up to now, no data
on J=y production have been measured in nucleus-nucleus cokisab beam energies
below 158AGeV. Quarkonium states like thly decay electromagnetically into lepton
pairs of de nite mass: the pair has the mass of the decayinmédatate. The peak in
the dilepton continuum at thé&y mass can be identi ed after background subtraction,
determined e.g. by combinations of like-sign lepton palvgh the CBM experiment, it
may even be possible to measure collective effects modjfyia phase-space distribution
of the charm production.
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The production of D-mesons is also predicted to be senditive-medium effects:
the effective masses of D-mesons are expected to be modi elmse matter. Such a
change would be re ected in the relative abundance of chamamo and D-mesons. D-
mesons can be identi ed by their decay into kaons and pi@¥d ( pK, D ! ppK).
The measurement of D-mesons in heavy-ion collisions is dgrgult because of the
large combinatorial background of pions and kaons. Nee&ts, with the CBM experi-
ment the D-meson measurement is expected to be possibleefast time with suf cient
statistical accuracy at low energies. This is also impaftarthe comparison to measure-
ments by STAR and PHENIX with heavy- avor tracker upgradeiich will probably be
ready at the CBM start, and by ALICE with its Inner Trackingsg&m. The goal of the
design and thus experimental challenge for CBM is to meath@&alisplaced vertex of
kaon-pion pairs with an accuracy of better than 100 pm.

Another signature for the QGP, the enhanced productionrafigeness was predicted
[Raf82] and later found by the NA57 experiment atABeV and 15RGeV beam energy
[Bru04]: it was seen that the multiplicity of andW-hyperons per participant is larger in
Pb+Pb collisions than in p+Be collisions. The hyperon ysetdn be reproduced by sta-
tistical models showing an equilibrium of strangenesscWwins non-trivial to be achieved
by rescattering in a hadron gas. The data at SPS and RHICyermrgprise multi-strange
hadrons including th&V and W, Their yields agree with the chemical-equilibrium cal-
culation and are strongly enhanced as compared to apprtetirsxaled cross sections
measured in p+p collisions. The time needed to achieve tusilerium for baryons via
two-body collisions was estimated to be much longer thasaeable lifetimes of the re-
ball [ BM04]. The observations were thus interpreted as agigt the system had reached
a partonic phase prior to hadron production. According teeRece [BMO04] it is likely
that also there the phase transition drives the particlsiiemand causes chemical equili-
bration. Whether the phase transition also plays a rolensideam energies is currently
an open question. Since data is only available at energi@S84GeV and 4AGeV the
W:measurement in CBM will be very important.

Another interesting observation was made by the NA49 erpant at CERN SPS
[BIuO5]. A peak was found in the K=p* ratio as a function oP sin Pb+Pb collisions
at around 3@GeV and a attening of the slope of the'Kspectra. This cannot easily be
explained by transport codes or statistical models. Thsiagustrangeness as a probe for
the QGP is still lively discussed and further informationtbe subject is needed. Com-
prehensive studies in CBM with reduced statistical andesyatic errors, especially for
(multi-strange) hyperons could produce the missing infdram in the strangeness sector.
Up to now, there is only little information on the productiohmultistrange hyperons be-
low SPS energies. Indeed, only the yieldof-hyperons has been measured at top AGS
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energies in AGeV Au+Au collisions via reconstruction of their decay o andL.
The latter reconstructed via their decay ipto and p. In central collisions the -yield
is found to be in excellent agreement with statistical amegport model predictions,
suggesting that multistrange-hadron production appre&chemical equilibrium in high
baryon density nuclear matter [Chu03].

Hydrodynamics model calculation indicates that a criteraipoint of the decon ned
phase transition, which is seen on page 23: Fig. 1.4 at thekthe rst-order transition
line, might be found in the vicinity of the freeze-out of a ®btcollision at a beam energy
of about 30AGeV [Ilva06] (see Chapter 1.3.1). In the vicinity of this w# endpoint,
dynamical density uctuations have been predicted to caumestatistical uctuations
of experimental observables. In order to investigate trespltransition, anomalies in the
energy dependence of event-by-event uctuations can bemgbfor different variables
like the mean transverse momentuapti (see also Chapter 1.3.2). The critical endpoint,
for example, is expected to cause a sudden change in the yalametuation as function
of the beam energy. Such dynamical event-by-event uctustivere already observed in
the K* + K )/(p* + p ) ratio at different beam energies. Up to now, beam energies f
20AGeV to 158AGeV have been investigated [Alt08]. The highest uctuatiovere seen
in central Pb+Pb collisions around 2&GeV by the NA49 experiment and up to now there
is no information available at lower energies.

Another interesting observable are direct photons whievdethe hot and dense
medium unscathed (see Chapter 2.2). Thermal photons frerpationic phase are pre-
dicted to be the dominant source of direct photons at lowstrarse momenta in Au+Au
collisions. Due to the very high luminosity, the CBM expeein offers the possibility
of measuring the yield of thermal photons with unrivaledhhggatistical accuracy. The
experimental challenge is to extract a direct-photon dighave the large decay-photon
background and to identify other sources of direct photohgkvare not of thermal ori-
gin. This is described in detail in Chapter 7.4.

4.3 Detector Concept

The experimental task of the CBM experiment is to identifgiaas and leptons in colli-
sions with up to 1,000 produced charged particles at evésd i up to 10 MHz [Fri08].
The measurements require fast self-triggered read-oatretecs, a high-speed data ac-
quisition (DAQ) architecture, and an appropriate highelesvent-selection concept. The
currently planned setup for the CBM detector is illustrate#fig. 4.2. The core of CBM
is a Silicon Tracking System (STS) located in a dipole maghebnsists of several layers



4.3 Detector Concept 71

of silicon microstrip detectors and has to provide the tr@donstruction and momentum
determination. In addition, a Micro-Vertex Detector (MVI)Il be implemented for the
determination of primary and secondary vertices with a \regh precision. A typical
target is a gold target of 250 um thickness (1% hadron interatengthL ;).

For the lepton measurement in CBM, two options are envisaiipedidenti cation
and reconstruction of electrons (upper sketch in Fig. #)the measurement of muons
(lower sketch in Fig. 4.2).

The electron identi cation is provided in conjunction wihRing Imaging Cherenkov
(RICH) detector and a system of Transition Radiation Detsc(TRD). The TRD also
serves as tracking detector for charged particles withgel&ver arm at its position of
about 5m, 7.25m, and 9.5m from the target which is espeaialportant for the TOF
matching. The RICH will be constructed such that it can beawsd and replaced by a
muon detection system consisting of hadron absorber |gy®ade of iron) sandwiched
by large area tracking detector layers.

The hadron identi cation is facilitated by a Time-of-FligfTOF) measurement with
a wall of timing Resistive Plate Chambers (RPC). In addijtitre TOF helps for the
electron identi cation at low momenta. An electromagneiaorimeter (ECAL) is used
for the identi cation of photons.

4.3.1 The Silicon Tracking and Vertex Detection System

The STS provides the track measurement, momentum detdrompand the determina-
tion of primary and secondary vertices. Currently, eightishs are planned. They cover
polar angles from % to 25, which are arranged in the 1 m long gap of a superconduct-
ing dipole magnet providing the bending power required fammentum determination
with a resolution oDp=p = 1%. A higher magnetic eld decreases the ef ciency towards
low momentum particles while a lower magnetic eld worselns momentum resolution
obtained with the STS. In order to achieve the required maamemesolution, the super-
conducting dipole magnet has a bending power of 1 Tm. Th&itrgdayers are located in
the gap of the magnet between 30 and 100 cm downstream ofrtjet.tAs aimed for in
the current setup (see Fig. 4.3), the rsttwo STS statiorsrzka vacuum volume might
be hybrid pixel detectors providing space points of theipartrajectories [Heu07]. The
other six stations (with an active area of 1.5the largest part) will be built from thin,
double-sided micro-strip detectors, which are plannectteelhd out in individual sections
of single or several chained sensors.

One of the most challenging tasks for the tracking systenmeasréconstruction of
the D-meson decay vertices{D K p* and D ! K p p ) in a typical distance of
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Figure 4.2: Current setup for the CBM experiment planned at FAIR [Sen®@8pnsists of a high-resolution
STS, a TOF made from RPCs, and an ECAL based on lead/sdimtiliyers. The upper part shows the
option which allows an electron measurement with a RICH anekt stations TRD with 3-4 layers each. In
the lower part a muon detection system consisting of hadosorher layers and tracking detector layers is

shown.
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Figure 4.3: Schematic cross section of the Silicon Tracking and VerteteBtion Systems in the dipole
magnet. The illustration has been modi ed from ReferenceU6{] in order to re ect the currently envis-
aged setup.

the order of 100 um from the collision vertex{Dct = 1229pum, D :ct = 311:8um
[Ams08]). Thus, in front of the hybrid pixel detectors, an EA{Micro-Vertex Detector) is
planned, which provides a particularly good position resoh while keeping the material
budget low and the radiation tolerance high (see Fig. 4rBhrder to provide the best
possible position resolution for the vertex measureméesé rst two stations (located
upstream close to the target) are composed of very thin getektor stations. The current
setup foresees Monolithic Active Pixel Sensors (MAPS),tfar stations located 5 and
10 cm downstream from the target. They cover an active aredadit 150 crA. These
stations will be installed in vacuum to prevent beam-gasrattions in-between the MVD
stations. The envisaged pixel size is between 25 pn? and 40 40 pn?. For the latter
pixel size, a position resolution gf= 3 um can be achieved [CBM09a].

4.3.2 The Ring Imaging Cherenkov Detector

In conjunction with the TRD, the RICH will provide electroddnti cation. The require-
ment for the RICH is an electron identi cation with an ef giey of 90% forp. 10 GeVt
in a wide acceptance with a pion suppression of the order ${H6h08b]. A cone of
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Cherenkov light is produced when a high speed particle ts@gea radiator, with a ve-
locity greater than the speed of light in that medium (seep@ha3.2.1). In the RICH
detector, this light cone is re ected by a mirror to a positigensitive photon detector,
which allows to reconstruct the produced rings. The culygrianned setup considers a
gaseous RICH detector with a radiator with low refractiveéex and two photo-detector
planes, each with an active area of 1 0:7n. A nitrogen volume of 2.5m is envisaged
as radiator: at ambient pressure, wagih 41, the pion threshold for Cherenkov radiation
IS Pp:th = 5:6 GeVk. A 3mm glass mirror with a radius of curvature of 4.5m is envis
aged with an Al+MgE coating. The photo detector planes may consist of multdano
photomultipliers with UV-transparent windows.

In central Au+Au collisions at 25 GeV beam energy, about 8@#rged particles are
emitted within the acceptance and about 90 rings are praducéhe RICH detector.
The estimated number of measured photons per ring is aboWigtin this layout a pion
suppression of about 5001; 000 is achieved in simulations fpr. 10 GeVE. The layout
can still be optimized in terms of cost and radiation lengtiparticular by minimizing
its dimensions. A rst compact RICH design has been devealope simulations it was
shown that using C&as radiator and mirrors of 3 m radius, the required perfoaaan
be kept while the RICH volume can be reduced by a factor o8ZH6h08b].

4.3.3 The Transition Radiation Detector

The TRD contributes to the electron identi cation and triackof charged particles. Tran-
sition radiation (TR) is produced when a relativistic pagitraverses an inhomogeneous
medium, in particular the boundary between materials witernt dielectric constans
(see Chapter 3.2.2). For the expected particle momentas pRduced only by electrons
and positronsg> 1;000), and this offers the possibility of separating them fam pi-
ons. Currently, the TRD is envisaged to be a system compdgbhrke stations with three
to four layers each. These stations will be located at digtsuof 5m, 7.25m, and 9.5m
from the target. They cover a total active area of about 62(Hach layer consists of a
radiator, in which the TR is produced by electrons, and of segas detector, in which
the deposited energy of charged particles and the TR can hsurezl. The gas mixture
of the readout detector is based on Xe in order to maximizeis®rption of TR (see
Chapter 5.2.2). A very fast readout detector is requiredpmeavith the high interaction
rates of up to 1®Hz. Also the large multiplicities pose a challenge. For adx@arget
experiment such as CBM, in particular in the inner part ofdhatector, covering forward
emission angles, high counting rates are expected. Theatpatt of the TRD will be ex-
posed to counting rates of up to 100 kHz#cihus, in order to minimize possible space
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charge effects, the gas volume must be suf ciently thin. & same time, the aim is to
achieve a high pion suppression factor of the order of 100 atectron ef ciency of 90%
for the entire TRD. In addition, the TRD will be used for traul of all charged particles
with a position resolution of 300 500 um in both directions;andy, perpendicular to the
beam direction. By way of example, this can also be realizéid ayposition resolution of
300 500um in one direction and 330 mm in the other direction when rotating every
second layer by 90/CBM09a].

Up to now, two design options have been under consideratiosudch a detector:
either a detector built from straw tubes or a multiwire pmtjgmal chamber (MWPC)
with pad readout. Such a design based on straw tubes hasdyalean developed for
the Transition Radiation Tracker (TRT) in the ATLAS expeeint at LHC. It provides
very good spatial resolution of about 200 pm even at rates5afMHz/cn? [Pes06]. The
other layout based on MWPCs with pad readout is comparalthetdRD based on drift
chambers developed for the ALICE experiment at LHC [ALIOThis design has the
advantage of providing an unrivaled electron/pion separatt also provides suf cient
tracking capability. Due to the much higher rates in CBMs tlyout has to be modi ed
in order to reduce the drift distance, i.e. going towardarbi gas volumes. Both TRD
versions have been investigated as alternative designseaeént, the straw tubes are not
considered as an option for the TRD anymore. Neverthelesg are still possible as pure
tracking chambers for the last three stations of the muoectienh [Zin09]. The straw
tube option looks quite promising for this application bexa of the good coordinate
resolution of such detectors (200 um in the drift directianyl the fact that this detector
technology is rather simple and has shown to be reliables tasis will focus on the
aspects of the MWPC-based TRD.

4.3.4 The Time-of-Flight Detector

A time-of- ight (TOF) measurement can be used to identifyaaied particles: the de-
termination of the particle mass is based on the measureofiehé time of ight, the
particle momentum and the particle track length. The TOH,wdlich is presented in
Fig. 4.2, consists of approximately 60,000 independeris ggbviding a resolution of
stor 80ps [GDO08]. The TOF stop detector of CBM has an active aredofit 150
located at a distance of 10 m from the target. A diamond pixehgicro-strip) detector
provides the start signal for the TOF measurement. It drectunts the beam particles at
intensities of up to 19ions/s. The requirements for the TOF detector can be satisyea
tRPC (timing Resistive Plate Chamber) with 280 coverage irg (150 n?). In order
to cope with the high beam luminosity, the tRPC must handksraf up to 20 kHz/cr
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while the FEE must process the GHz signals from the tRPC attanaiction rate of up
to 10 MHz. The current development of tRPCs shows very goofbpeance in terms
of high rate capability, low resistivity material, long terstability, and the possibility to
build large arrays with suf cient timing performance. Riggrototypes with glass elec-
trodes have already been built and tested. With an ef ciesfc§5% they showed a time
resolution of 120 ps at rates of 18 kHz/€f@ki07]. With an overall ef ciency of 80% to

90%, a separation of kaons and pions can be achieved up t@tabpmomenta of about
3.5 GeVE, while protons can be identi ed up to 7 Gedsee Fig. 4.4).
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Figure 4.4: Squared mass vs. momentum of hadrons reconstructed by T€¥niral Au+Au collisions at
25AGeV beam energy [Kre09].

4.3.5 The Electromagnetic Calorimeter

In order to reconstruct photons, a “shashlik” type calot@nshall be installed which con-
sists of modules with granularities of Bcn?, 6 6cn?, and 12 12 cn?. Each module
will be composed of 140 layers of 1 mm lead and 1 mm scintitl&ach techniques are
commonly used, e.g. in the HERA-B experiment at DESY, in tRERIX experiment at
RHIC, and in LHCb at LHC.
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4.3.6 The Projectile Spectator Detector

The Projectile Spectator Detector (PSD) is a compensatimagular lead-scintillator
calorimeter, which is used to determine the collision a@ityt Good knowledge of the
impact parameter is particularly important for analyzingr&-by-event uctuations, and

in order to study collective effects like ow for which a welle ned reaction plane is
important. The PSD will measure nucleons from the projecticleus which did not in-
teract. It is composed of 129 modules, each consisting of 60 lead/scintillator layers
with a surface of 10 10 cn?. The photons produced in the scintillator are measured via
wavelength shifting by Multi-Avalanche Photo-Diodes (MBJof the size of 3 3 mn?

and with a pixel density of T0mn?.

By using this layout, within a simulation of Au+Au collisisrat 10AGeV, an impact
parameter resolution @b=b = 0:1 was determined for peripheral collisions and worsens
to Db=b = 0:5 for most central collisions [Iva09]. Note that the resmntis dominated
by the physical uctuations of the number spectators.

4.3.7 Data Acquisition

In order to access very rare probes and to measure all partigth the required statisti-
cal accuracy, measurements at very high event rates areaged for CBM. At a beam
intensity of 13 ions/s and an interaction probability of 1% in the targeerewates of
10 MHz will be reached. Assuming a bandwidth of 1 GByte/s am@weerage event vol-
ume of about 40 kByte for minimum bias Au+Au collisions, aretrate of 25 kHz will
be accepted by the data acquisition. For this storage rali@ecevent selection systems
are required which reject less interesting events. Witmevates of 10 MHz, only one
in 400 events can be archived, and online software and haedseections have to be
applied to ensure that none of the interesting rare eveat®sairand cross sections can be
reliably extracted.

4.3.8 The Muon Chamber System

As an alternative approach to the dielectron measurememiassibility of detecting vec-
tor mesons, like , w, f, andJ=y, via their decay into dimuons is currently under investi-
gation. For this measurement, hadrons would be supprestiedeveral absorber layers
located behind the STS. A possible setup for the Muon Cha@pstem (MuCh) is pre-
sented in Fig. 4.5. Like in the “electron setup” (as seen etpper part in Fig. 4.2), the
momentum of these tracks is determined with the STS. Sulesélguall charged particles
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Figure 4.5: The CBM muon detection system consisting of alternatingiayf iron hadron absorbers and
detectors [Fri08].

are tracked through the absorber in order to match the mudnsh pass the absorber,
to the STS tracks. This can be achieved by highly granulateldfast detectors which
are located in each gap between the absorber layers. Thentdesign of the muon de-
tection system foresees 18 detector stations and 6 seginemeabsorbers. In this case,
the total material budget would correspond to 13.5 timestiwear interaction length.
Promising candidates for the fast and highly granulatedadets, located in the ve gaps
between the absorber layers, are gaseous detectors bas&detechnology [Dub08],
straw tubes, and one of the TRD stations. The total area ofilen chambers would
cover an area of about 702

Currently, it is not yet decided if the “electron” or the atative “muon setup” will be
built. The solution offering the most comprehensive reseg@rogram would be to build
both setups which can be used alternately. In that case, [tDE Ras to be temporary
removed and the last 3 detectors of the MuCh can correspanalcking detectors which
will anyway be in place in order to cover the gap between STETF. The TRD, for
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example, could be used for this purpose, too. Of course, @&LEcannot be used in
conjunction with the muon detection system.

4.4 Dilepton Spectroscopy in CBM

For the dilepton measurement with the CBM experiment botioop, the dielectron as
well as the dimuon measurement, are currently investigatsinulations with the CBM
simulation framework CbmRoot [Cbm0Q9b] (see also Chapteffig simulations were
performed with an implementation of the standard CBM deteletyout as described in
Chapter 4.3. The low and high mass vector meson (nameiyf, J=y, y 9 decays were
simulated with the PLUTO generator [Fr607], and the muktipes for central Au+Au
collisions at 25AGeV beam energy were taken from the HSD transport code [EhERé
background was estimated using the UrQMD event generatsJ8]. Both, signal and
background, are propagated through the detector setug tgriransport code GEANT3
[Com93] within CbmRoot. For background simulations of 3k , an event-mixing tech-
nique was used but for the reconstruction of the low-mas®vetesons the background-
to-event ratio is too much correlated for using the same auketihus, the background
was simulated with a so-calledipereventechnique as discussed in Reference [CBMO5].

There are different advantages and disadvantages of thegtians which play an
important role in simulations and detector R&D. When measgudielectrons, the main
challenge is the large background of electrons from physicarces likep®-Dalitz de-
cays and frong-conversions in the target. In order to minimize this baokapd, for the
dielectron measurement a thinner target than the stanaerdQi% interaction length
instead of 1%) is used. On the other hagidpnversions provide an additional observable
since direct photons can be analyzed by reconstructing Weethe produced* e -pairs.
This will be shown in detail in Chapter 7.4.

A handicap in analyzing dimuons is the background from neisided muons due
to pion decay in ight or track mismatches [H6h08a]. In ordeikeep track mismatches
on a low level, the tracking is performed by additional tiagkstations between single
absorber parts.

In both measurements the events are reconstructed sthdimgrack reconstruction
inthe STS. Electron identi cation is done in conjunctiortivihe information provided by
the TRD, RICH, and TOF detectors. One important cut in theedteon analysis is a track
cut in order to reject electrons frogaconversions in the target apd-Dalitz decays. For
muon identi cation, the full tracking through the muon abser is performed. In addition,
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Figure 4.6: Invariant-mass spectra of low-mass vector mesons: a) stemted via dielectrons (200k
events,pr > 0:2GeVk) and b) reconstructed via dimuons (4.0° events) in central Au+Au collisions
at 25AGeV beam energy [H6h08a]. The different sources shown aité (acreasing invariant masses):
p°-, h-, w-Dalitz, r -, w-, f -meson decays.

the TOF information is used to reject protons still reachimg detector, which is located
behind the muon detection system. In thry -analysis via dimuons only jgr cut is used.

In Fig. 4.6, the reconstructed invariant-mass spectra @gepted for a full analysis
of low-mass vector mesons. Fig. 4.6a) shows the electroaydetannel, and Fig. 4.6b)
shows the corresponding spectrum obtained via the muory aéeannel, both in central
Au+Au collisions at 25AGeV beam energy. The different sources, shown in both spectr
are (from left to right)p®-, h-, andw-Dalitz, r -, w-, andf -meson decays. The simu-
lated data sample (200k events) corresponds to approdyrifieseconds of beam time
[Gal08]. At larger invariant masses, they andy %signals can be found which is shown
in Fig. 4.7. This measurement is also feasible via the edlaadecay channel (Fig. 4.7a))
and via the muon decay channel Fig. 4.7b)). Besides thergliffeshapes of the back-
ground from different sources, the radiative broadeninthadielectron measurement
can be seen in th#&=y peak in Fig. 4.7a). With both decay channels, a very comgsarab
performance is obtained despite their completely diffeteckground origin, which is
dominated bypP®-Dalitz decays in the dielectron case and by misidenti ecomsimainly
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Figure 4.7: Invariant-mass spectra af=y andy® a) reconstructed via dielectrons (410'° events,
pr > 0:2GeVk) and b) reconstructed via dimuons:§3 10'%events) in central Au+Au collisions at
25AGeV beam energy [H6h08a].

from pion decay in the dimuon case. In both measurementgfitiencies for low-mass
vector mesons are of the order of 3%0% and for charmonium of about 20% [H6h08a].
In all signals shown, a wide phase space is covered reaching tb the lowespr. This
constitutes an important prerequisite for the near-tholesproduction studies. Only the
low-mass vector mesons close to mid-rapidity in the dimuwanoel are more dif cult to
detect as they are most affected by the absorption. For theah channel masses below
the 2-muon threshold are cut off whereas the dielectronrtlasffers the possibility of
performing measurements at lowest masses. The aim of the &@&riment is measur-
ing both, dielectrons and dimuons, in order to obtain the bgstematic check possible
within one experiment.






5. The Transition Radiation Detector

The identi cation of electrons (and positrons) as well as tracking of charged parti-
cles are important tasks of the CBM detector (see Chapt&idge electrons give access
to very rare particle decays, such as those containing hgaasks, a high electron ef -
ciency is required. At the same time, a high hadron-rejaatapability is needed because
they are the most frequently produced charged particles &oucleus-nucleus collision.
Especially the suppression of pions is important as pioagtse most abundant hadrons
produced. They are the lightest hadrons and therefore nifosiltito separate experi-
mentally from electrons. In conjunction with other detestdhe charged-particle track-
ing and the electron/pion separation is to be provided byaadition Radiation Detector
(TRD). A survey of principles of TRDs can be found in Refereifiool93].

The production of transition radiation (TR) is very intdreg for particle identi ca-
tion — especially for electron/hadron separation — in heglergy physics because the en-
ergy and number of the emitted TR photons depend on the Lofactbrg of the particle.
The total energy radiated e.g. by an electron traversinggesradiator foil in air depends
on the squared difference of the plasma frequenejesf the two radiator materials. For
a large difference, the relation is

E %ag~wp; (5.1)
wherea = %7 The average number of radiated photons is of the oadek detailed
description can be found in Chapter 3.2.2.

Most of the exploited physical effects like energy loss daization, time of ight,
or Cherenkov radiation depend on the particle's velocitbyug, changes become marginal
when approaching the speed of light, and they do not offed gaenti cation possibilities
for relativistic particles. Hence, an additional detectimethod depending ogis very
useful for particle identi cation at high energies.

Apart from the physics requirements, the detector needslibdpeci c criteria to
be suitable for the CBM experiment. The large multipligtend high interaction rates
in this heavy-ion experiment demand very fast detectork Wigh granularity that go
in hand with high detection ef ciencies and low material get in terms of radiation
length. A TRD system probably consisting of three statioith several layers has been
conceived in order to ful Il all these tasks. A single TRD &yconsists of two different
parts: a radiator, in which an electron creates the tramsitadiation, and a detection

83



84 Chapter 5: The Transition Radiation Detector

part consisting of a multiwire proportional chamber (MWPK&Ed with a mixture of Xe
and CQ. The electron identi cation is based on the measuremenEdfixiby ionization
plus TR for electrons andildx by ionization for other charged particles. The MWPC
technology also offers charged-particle tracking with adyposition resolution due to a
readout of the cathode which is subdivided into pads pragdihigh granularity. Detailed
design considerations can be found in Chapter 5.3.

5.1 Radiator Material

Transition radiation (TR) is produced when a highly relistic charged particleg&
1;000) traverses the boundary between two media of differeiectric constants (see
Chapter 3.2.2). Since the probability for TR production sirgyle boundary is very small
(the average number of photons per particle is of the order=of1=137) it is advanta-
geous to use a multilayer dielectric radiator in order toe@ase the radiation yield cumu-
latively.

Regular foil radiators are the most ef cient radiators &aale but they have the dis-
advantage to be very heavy and expensive because of a copnol@xction. Another
option is the usage of irregular radiators made of foams @rsblike they have been
developed for the TRD of the ALICE experiment at LHC (see aiflet description in
Reference [ALIO1]). Since ALICE is a collider experimenttivia radial geometry, the
radiator of this TRD has to ful Il strong geometrical and nhanical constraints. Sand-
wich radiators consisting of foam and bers are used in orndeprovide the optimal
combination of TR ef ciency, minimum weight and mechanistbility. The ber mats,
consisting of polypropylene bers of 17 umbgrl7), which are predominately layered
in two dimensions, are comparable in performance to redailaradiators since the ber
thickness provides a well de ned spatial separation betwe® consecutive boundaries,
and a large fraction of the boundaries are approximatelpeeticular to the particle
ight direction. In that case the particles traverse a dacicross-sectional area of the
bers, and they prevalently see the same distance betwednahndaries, twice the ber
radius, which is important to match the condition for counstive interference. The poly-
methacrylimide foamROHACELL HF7)} is a slightly less ef cient radiator because of
the random orientation of the boundaries and variably sigedial gaps between them.
However, the mechanical properties of foams are very adgaoius. The sandwich radi-
ators consisting of bers, foams, and a glass ber laminatevle a good compromise in
terms of TR ef ciency, radiator thickness, mechanical supand radiation length, and
they are also an interesting option which should be consdifar the CBM experiment.
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Nevertheless, more ef cient radiators can be built usiracks of a few hundred
polypropylene foils having a regular periodic structune.order to obtain the highest
possible TR photon intensity, the design of radiators imgeof foil thickness, gaps etc.
is dominated by the consideration of interference effeste Chapter 3.2.2). The energy
spectra of TR using two different regular foil radiators amelgular radiators ( ber, foam,
sandwich) have been measured in a beam of electrons of momento 10 Ge\W¢ with
drift chambers operated with a mixture of Xe and £@nd06b]. The rst regular foil
radiator (Regl) consists of 120 foils of the thickness 20 pohthe spacing of the foils is
500 um. The second regular foil radiator (Reg2) has 220 @dithe same thickness with
a spacing of 250 um. The results obtained in these measutestenw that the total TR
yield for the regular foil radiator is, depending on the mowoen, about a factor of 1.5
(for Regl) and 1.7 (for Reg?2) larger than for the sandwiclatad

Although regular foil radiators are the most ef cient raiiss available, the produc-
tion is complex and has not yet been done for large areasgUsihradiators would
require to mount hundreds of foils with uniform separatiorsirong metal frames. Nev-
ertheless, due to the xed-target geometry of CBM and the Beip with nine to twelve
vertical layers, the construction of regular foil radiat@rovides a realizable and attrac-
tive design option which needs to be investigated in deBaie possibility is to x small
foil radiators e.g. in front of every single TRD cell whereethhallenge would be the
minimization of the material shadowing the following detes. An alternative is the
construction of a large foil radiator of the size of a TRDistiatIn this case, guaranteeing
the uniform separation of the foils is very demanding.

For the in-beam test of the MB-TRD (Munster-Bucharest TRtatypes of the
CBM TRD, small sandwich radiators very similar to the ALICRD radiators as well as
two different regular foil radiators were used. The santiwidiators were constructed
usingROHACELLfoam of 2.0 cm thickness without any reinforcement dred17 sheets
of about 4.0 cm thickness. The regular foil radiators arestimee as described above (Regl
and Reg?2). The results of the in-beam test of the MB-TRD pyptes are discussed in
Chapter 6.

5.2 Multiwire Proportional Chambers

Proportional counters are widely used for the measuremieahergy loss of ionizing
radiation. The rst effective multiwire proportional chdrars (MWPC) were operated in
1967 68 by Charpak and collaborators [Cha68]. They comprised afssnode wires
closely spaced, all at the same potential, and each winegaati independent counter.
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Figure 5.1: Energy deposit for different particles in Ar(80%)@(20%) measured with the PEP4/9-TPC in
multi-hadron events [Yao06]. The curves are corresponttintge energy loss given by the Bethe-Bloch
formula as described in Chapter 3.1.

The TRD, proposed for the CBM experiment, consists of layeasle of a dielec-
tric radiator and a subsequent MWPC with pad readout. MWR€shigh-granularity
fast detectors which allow track reconstruction of chargadicles with good position
resolution and the determination of their energy loss inghesitive chamber volume.
Furthermore, depending on the choice of gas, these charaleevery convenient X-ray
detectors which is important to measure the TR at the sane filus, a combination of
a high-ef ciency TR radiator and an MWPC for the detectiorboth X-rays and H/dx
may provide a good electron/pion separation and trackipgluiity.

In Fig. 5.1, the energy deposit of different particles in&%)CH;(20%), measured
with a Time Projection Chamber (TPC), is shown [Yao06]. i & seen that the elec-
tron/hadron separation via the measurement of energy sopessible and depends on
the particle momentum (see a detailed description of theggriess of charged particles
in Chapter 3.1). In the momentum region of several @eWhich is interesting for the
electron/pion separation in a heavy-ion experiment, tlegggnloss of electrons is almost
constant and much higher than the energy loss of hadronshwitaive not reached the
Fermi plateau at these momenta. Signi cantly higher valoeshe energy loss by elec-
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trons than by pions are expected in the momentum regiorBof @0 GeVE. In principle,

it is also possible to separate them at low momenta smalier @1 GeVk, where the
energy loss of pions is much higher than the one of elect®uswithin the xed-target
experiment CBM, charged particles with these momenta doeauth the acceptance of
the particle identi cation detectors since they are berdrggly in the magnetic eld be-
fore.

Charged particles can be detected in ionization detecitoce shey produce electron-
ion pairs along their path traversing a gas. The energy lios®aharged particles by ion-
ization is very small, typically a few keV per centimeter @fsgunder normal conditions.
Electric signals that contain information about the oragincation and ionization density
of the segment are recorded. The gaseous ionization det@eto be separated into three
devices working at different voltages: the ionization cham the proportional counter,
and the Geiger-Mduller counter. At zero voltage, no chargmikected as the electron-ion
pairs recombine under their own electrical attraction. #esvoltage is raised, the recom-
bination forces are overcome and the current begins toaseras more and more of the
electron-ion pairs are collected before they can recomitimine operating region of the
ionization chamber, all created pairs are collected andthduincrease of the voltage
has no effect. lonization chambers are commonly used fosorgay gamma ray expo-
sure and as monitoring instruments for large uxes of radra{Leo87]. When further
increasing the voltage the current increases again. Thisked proportional-counter re-
gion is described later in detail since it is the operatingdition for MWPCs. When
applying a very high voltage beyond the proportional reglmmenergy of the electrons
freed in primary ionizations becomes so large that a digghaccurs in the gas. Instead
of a single, localized avalanche at some point along the @mock, a chain reaction of
many avalanches is triggered. The output current becomapletely saturated, always
giving the same amplitude regardless of the energy of thialievent. Detectors working
in this voltage region are called Geiger-Mdiller counters.

With an applied voltage in the so-called proportional-deumegion the number of
electron-ion pairs in the avalanche is proportional to thenber of primary electrons.
The electric eld is strong enough to accelerate freed ebet to an energy where they
are also capable of ionizing further gas atoms or moleculegbe chamber. The elec-
trons, liberated in these secondary ionization processesalso accelerated to produce
still more ionization etc. This results in an ionization wache. Since the electric eld is
strongest close to the anode, this avalanche occurs veriglgaind almost entirely within
a few radii of the wire. The number of electron-ion pairs ie tfas avalanche is directly
proportional to the number of primary electrons. This giagzroportional ampli cation
of the current with a multiplication factor depending on therking voltage, the choice
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Figure 5.2: Basic con guration of a multiwire proportional chamber [h&7].

of gas, and the chamber geometry. This factor can be as hitftf fise087]. If the cham-
ber is used in proportional mode, the pulse height is a measfuthe energy loss of the
particle in the gas. Multiple measurements of the energpsiéplong the trajectory com-
bined with the measurement of momentum in a magnetic elovafior excellent particle
identi cation.

A basic MWPC consists of a plane of equally-spaced anodeswigatered between
two cathode planes (see Fig. 5.2). In principle, each wite a€ an independent propor-
tional counter. If a negative potential is applied to thehode planes, the anodes being
grounded, an electric eld arises. In the region far awayfrthe anode wires (20 times
the wire-diameter), the eld lines are essentially paladled the eld density is almost
constant. Close to the anode wires, the eld shows=andkependence similar to a single
wire cylindrical proportional chamber (see Fig. 5.3): Theawadii, typically 10 30 um,
are much smaller than the distance between the wires. Tiypiadew millimeters dis-
tance are chosen between the wire and the cathode. Thisfszsthe electric eld radial
to the wire as seen in Fig. 5.3. If the wires are assumed to bidly long, the electric
eld at a distance close to the wire is given by:

_ 9 ..
E(r) = 2peor r: (5.2)

Far away from the anode wires, when electrons and ions aealiéd in the constant

eld region, they drift along the eld lines toward the neateanode wire and opposing
cathode, respectively. Upon reaching the high eld regtbme,electrons are quickly accel-
erated to produce an avalanche. The electron avalanchgiayrén a few ns) collected
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Figure 5.3: Schematic view of the electric eld in an MWPC.

by the wires, the positive ions left over in the trail of mpltiing electrons move in op-
posite direction toward the cathode. In their motion, theuice image charges in all sur-
rounding electrodes and these result in a negative signédeowire where the avalanche
originated (as drawn in Fig. 5.2) . The neighboring wiresase affected, however, the
signals induced here are opposite (i.e. positive) and ofl@mgolitude. In a similar man-
ner, a positive signal is induced on the cathode. Thus, ikere ambiguity which wire is
closest to the ionizing event. The signal from one anodesgptfes only give information
on one coordinate of the ionizing event. The second cootelicen be obtained by using
a second detector whose anode wires are oriented perp&ariica the rst. To measure
the trajectory of a particle, two or more aligned MWPCs carubed to reconstruct the
track.

5.2.1 Signals Induced on Cathode Pads

Besides the circuit described above, another possibditp iground the cathode planes
and to apply a positive voltage on the wires, respectiveieri the cathode signal is read
out, and the coordinate of the induced charge can be obtédinedsubdivision of the
cathode into readout pads perpendicular to the anode wsrexlecated in Fig. 5.4. The
avalanche can be localized in the direction parallel to @mss wire as seen in the typical
induced signals also drawn in Fig. 5.4.

If the wires are enclosed between two cathode planes, thesalhchamber signals
is zero at any time and the cathode sigh#t) is equal to the negative summed wire
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Figure 5.4:Basic con guration of a multiwire proportional chamber lvgegmenting the cathode into pads
[Gat79].

signal Iy(t). In the example shown in Fig. 5.4, the cathodes are symraé#yriglaced
with respect to the wire plane, so the sighalon a single cathode plane (e.g. the pad
plane) in the coaxial approximation is [Blu08]:

1 Neot€o vag ]

1 1
)= )= ()= 550

(5.3)

This is the current induced byt ions of chargey, andC,g is the wire capacitance with

respect to ground. If the charge is induced on a cluster @afcadit pads, the accuracy of
the cluster localization in an MWPC is determined by the aatte spacing. However,

there is a limit of about 2 mm minimum spacing, since smalbacings are increasingly

dif cult to operate [Sau77].

In order to achieve the best possible position resolutioazimuthal direction, the
induced charge distribution should be shared betweendijpigvo or three adjacent pads.
If more than three pads give a signal, the resolution suffera a poorer signal-to noise
ratio, and this leads to an overall increase of the data velamd a limitation of the
two-track separation as well as a loss in the electron/piserichination. In the case of
a one-pad cluster (when the cluster is recognized by onlypawk, the position can be
reconstructed only with the resolution of 112 times the pad width. That is why a one-
pad cluster is to be avoided. Therefore, a proper matchitigegbad widthW to the width
of the induced charge distribution is required.
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Figure 5.5: Pad response functions for a distancéef 3 mm,s= 2:5mm, an anode radius of 25 um, and
different pad widths calculated according to Referencetfdha

An important characteristic of the MWPC is the pad responsetion (PRF), which
determines the fraction of the total cathode signal thatdsiced on the pad as function
of the distance between the center of the pad and the avagadition (measured in the
cathode plane). It can be calculated by integrating thedaedwcharge distribution over
the pad width iny-direction:

Z y+W=2

PRRY) = r(yddy? (5.4)

y W=2

The induced charge distributiorfyd depends on the wire geometry and can be calculated
following Reference [Mat88]. The essential quantity, efileg the shape of the PRF, is
the ratio of the pad widthV to the anode-cathode distantteln Fig. 5.5, the calculated
PRFs are shown for three different pad widtié € 4, 5, and 6 mm) and for a distance
of h= 3mm between the pad plane and the anode wire plan® Alscreases, the PRF
amplitude becomes smaller, and the fraction of the indubadye signal on the center pad
decreases. The pad widthand the anode-cathode distamadetermine the typical pulse
height induced on two or three adjacent pads. Together wéhr@adout electronics, all
parameters have to be adjusted in a way that this pulse Haitginto the dynamic range
of the readout electronics. The resolution for positiored®ination along the wire is
limited by the pulse-height measurement. A pad width closké anode-cathode distance
(W h)yields the best position resolution [Gat79].
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5.2.2 Gas Mixture

Due to the large mobility of electrons and ions, gas is theéals/medium to use for the
collection of ionization. The lling gas for proportionalocinters has to meet different
requirements: low working voltage, high gain, proportibib@havior, and — in particular
for the CBM TRD — high rate capability. For meeting all comalits at the same time, in
general, gas mixtures are rather used than pure gases. Harmaum working voltage,
noble gases are usually chosen due to the lowest electricingénsities necessary for
avalanche formation. In contrast to molecules they do ne¢ kérational and rotational
states which can be excited and thus the ionization dongnate

Using a pure noble gas, the chamber cannot be operated wihyahigh gas gain
without continuous discharge occurring. Excited nobleagams formed in the avalanche
deexcite giving rise to high-energy photons capable ofziogi the cathode and causing
further avalanches. This problem can be minimized by thetiaddof a quenchere.g.

a polyatomic gas, such as methane or alcohol, or an inorggscsuch as CO The
guencher molecules absorb the radiated photons and dessiifienergy through disso-
ciation or elastic collisions. With a small amount of polyatic gas one can safely obtain
gains of up to 18.

The cheapest applicable noble gas is Ar because it is thestanpble gas contribu-
tion to the atmosphere. Nevertheless, the gas mixture im&i2 should be based on Xe
because of its higher atomic numb&r{ 54 in comparison t& = 18 for Ar). The yield
of ionization encounters for a MIP (minimum ionizing paléictraversing a gas layer is
25/cm for Ar and 46/cm for Xe. Thus, the thickness of the ggerdor 99% ef ciency
amounts to 18 mm for Ar and 10 mm for Xe. The number of releassttrens produced
by a MIP averages 103 for Ar and 340 for Xe [Yao06]. The absonptoef cient for
X-rays in the relevant energy region of the TRD is only largewgh when using Xe.
In particular, for thin gas volumes like in the MB-TRD progpe, the absorption of TR
produced in the radiator has to be maximized. In the MB-TR@qiype, the gas mixture
used is 85% Xe and 15% GO

5.2.3 Signal Generation

The moving charges between the electrodes of a chamber igveéar electric signals
that can be picked up by ampli ers connected to the elecsolgery avalanche creates
a signal in the wire and in the cathodes. For the purpose dfiposneasurement, the
cathode is subdivided into several pads. In principle, tafpam cross-talk effects, the
signals in each pad of the cathode plane have the same tireadiepce that only depends
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on the distance to the avalanche. For the purpose of looglithie avalanche the cathode
pads have independent signal readouts. The total energsil&an be determined by
integrating the signals on adjacent readout pads belongithge same cluster. The signals
are ampli ed by a charge sensitive ampli er and are pulsetgred by ADCs. In this way,
the energy deposited by the ionizing particle and by thesttimm radiation is measured.
Since the energy released by a patrticle radiating TR (witlelg, e.g. an electron) is on
average larger than the energy released by a patrticle tkatrau radiate TR (e.g. a pion),
the discrimination can be based on an energy cut (the disation method is described
in detail in Chapter 6.4). The main factor limiting the rejen of particles that do not
radiate (small) is the Landau tail of ionization loss, which can mimic a Energy
deposition comparable to that of a particle which radiates.

The spatial resolution of an MWPC depends on many detadslik anode-wire spac-
ing, anode-cathode gap, and the readout-pad layout (selethided description in Chap-
ter 5.3). An additional capability of the MWPC is the mulggirack resolution. Since
each wire is a separate detector, two or more tracks canmeiplke be detected at the
same time. However, this depends on their relative separathich must be at least as
large as the wire spacing. Even at higher spacings, amlaguit the reconstruction of
the tracks may arise because of their proximity.

5.3 Design of the MB-TRD Prototype

The physics requirements of the CBM TRD, as described in @halp impose different
design considerations. The desired pion rejection is mast/en by the measurement
of rare probes like low-mass vector mesons or charmed hadfmoutlined in Refer-
ence [And06a], for ef cient electron identi cation a fastof 100 in pion rejection for
electron transverse momenta above 1.5 @d¥5s to be achieved by the TRD.

The tracking performance of the TRD is important in two asge@) matching of
the identi ed electrons to the track segment in the STSdailitracking system), where
the momentum measurement is performed; (ii) matching ohttsein the TOF (time of
ight) detector to the STS track segment in order to idenkifdrons up to several Ged//
Hence, for the TRD, a good position resolution in both dimew perpendicular to the
beam axis is needed. In order to extrapolate the STS traoksgh the TRD stations and
to match them to hits in the TOF detector, for the TRD the nemgliposition resolution
is of the order of 300 500 um in one direction in the plane de ned by the readout pads
[CBMO09a]. In the other direction of this plane, a value of 30 mm suf ces if every
second layer is rotated by 90The designated position resolution of the TRD, which is
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e.g. in uenced by the cathode pads in the readout chamtedrjvien by the required
capability to identify and track electrons ef ciently. Gainly, the electron identi cation
achieved in conjunction with all detectors directly deped the global tracking. The
granularity of the TRD is determined by the maximum occugawbich gives the readout
cell size. Furthermore, the number of feasible readout mélaris limited. Cell size and
geometry have to be optimized as a function of these criteria

The radiation thickness of the TRD has to be kept to a minimAiny. unnecessary
material causes additional background, basically becatipboton conversion, and in-
creases the pixel occupancy due to additional tracks. &urtbre, electron loss due to
bremsstrahlung removes electrons from the sample leadirgloss of ef ciency. In
order to limit small-angle scattering and conversions thesaged material budget is
X=Xp 15 20% [And06a].

The most important and challenging aspect of the TRD desigimait all tasks have to
be ful lled in the context of high interaction rates up to”18z and high particle multiplic-
ities in CBM. The multiplicity of charged particles is up td@per event within the detec-
tor acceptance [CBM09a]. These conditions lead to coumtites of up to 100 kHz/cfn
in the central part of the TRD.

Simple multiwire proportional chambers (MWPC) based TRBsg@ood candidates
for high-granularity fast detectors, if the gas thicknesseduced in order to reach the
required speed and to reduce space-charge effects in a digtireg-rate environment.
Space-charge effects are caused by the positive ions. @thrair drift they reduce the
electric eld and thus the gas gain, particularly at high otiinig rates. However, reducing
the detector volume causes a smaller absorption probatatithe transition radiation in
a single layer of the detector. In order to circumvent thpgeas, while keeping the number
of readout channels, TRD prototypes based on a symmetaogement of two MWPCs
with a double-sided central pad readout electrode werguediin collaboration with the
group of Prof. M. Petrovici in Bucharest. This is illustrdie Fig. 5.6, where a conceptual
drawing of the prototype is presented.

The detector is composed of two anode and two cathode framesh are made of
a 3mm printed circuit board (PCB) each. The two anode plarlased at either side of
the central pad readout electrode (pad plane), are madddpded tungsten wires with
a diameter of 20 um and a wire pitch & 2:5mm. The anode-cathode ghps 3 mm,;
it has been optimized to provide appropriate charge shdmatgeen adjacent pads (see
Chapter 5.2.1). The inner pad plane is described in det&hiapter 5.3.2. The entrance
windows of 25 pm aluminized polyimide foil serve simultansty as gas barrier and
cathodes. All engineering detail drawings can be found ip.Ah



5.3 Design of the MB-TRD Prototype 95
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Figure 5.6: Schematic con guration of the so-called MB-TRD prototypgprojection on a plane perpen-
dicular to the detector surface and parallel to the wiredtioe and b) projection on a plane perpendicular
to the detector surface and anode wire plane.

5.3.1 Absorption Ef ciency of TR in the Gas Volume

The rst generation of CBM TRD prototypes, tested in 2004d lzavery thin (6 mm),
single gas volume to reach the required speed and to minispaee-charge effects
[CBMO5]. In the new generation of prototypes (MB-TRD), whiare investigated in this
thesis, the gas volume is twice as thick (12 mm) and has the saiwde-cathode gap of
3mm.

In Fig. 5.7, the in uence of the new geometry on the transioisprobability for TR
photons is displayed. In the radiator transition radiateoproduced with an average en-
ergy depending on the radiator type and on the electron mtumre[And06b]. For the
following comparison an average TR photon energy of 10 ke&s®umed. The absorp-
tion probability for photons with 10keV in a Xe(85%)GQ@5%) gas mixture of 6 mm
length is 39% [Hen93] (Fig 5.7 @)). In a gas mixture of 12 mnygkant is 63% [Hen93]
(Fig 5.7 b)). In addition, the pad plane in the center of thenb2 gas volume, which is
described in Chapter 5.3.2, has to be considered. In thiplaag, about 15% of the TR
is lost, as obtained in a measurement of the absorption icehtal part of the pad plane
described in Chapter 6.1. The pad plane consists of a Kaptbwith double-sided pad
structures made of copper. The theoretical absorption ayerlof 25 um Kapton (poly-
imide) and 2 0:3 um copper is 15% [Hen93]. The difference between the measured
and the theoretical absorption values is due to the Gaushipe of the copper coating
pro le. An absorption of 15% corresponds to a Kapton foil kvda double-sided copper
layer of 0.45 um which is a reasonable thickness in the cepdra of the pad plane. In



96 Chapter 5: The Transition Radiation Detector

a) b)

Figure 5.7: Transmission of photons in different gas volumes [Hen98jh & mm Xe(85%)CQ(15%) and
b) in 12 mm Xe(85%)CQ(15%).

the following, the absorption of 15% shall be consideredroteoto set an upper limit of
the absorption in the pad plane.

In total, one obtains an absorption probability for TR pmstgof 10 keV) in the de-
tector gas of

* 39% in 6 mm Xe(85%)Cg(15%),
* 63% in 12 mm Xe(85%)Ce&{15%),

e and 39%+ 61% 85% 39% = 59% in the MB-TRD prototype (12mm
Xe(85%)CQ(15%) + central pad plane).

The value for the total TR absorption probability in the MBID prototype is composed
of the total absorption in the two gas volumes each of 6 mnkiigss. In the rst gas
volume a fraction of 39% of the TR is absorbed. By reason oTtRéoss in the pad plane,
only 85% of the 61%, which remain behind the rst gas volumegah the second gas
volume. Subsequently, 39% of the entering TR (63B8%#6) is absorbed in the second gas
volume having also a thickness of 6 mm. Thus, the new georirelrgases the absorption
probability for TR from 39% to 59% in comparison to the praxsolrRD design with a
single gas volume.

The tail of the Landau distribution of the deposited energyelectrons and pions
does not allow to reach suf cient rejection power with a $en§RD layer. Furthermore,
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Figure 5.8: Layout of the double-sided pad plane consisting of a 25 pmtdtafoil and a copper pad
structure.

the absorption probability will not reach 100% in a singled Ryer designed for these
high beam intensities. Hence, it is envisaged that the TRiDimwthe CBM experiment
will be organized in a larger number of layers in order to he@ required electron/pion
separation. The layers are separated into three statiaosgat 4, 6, and 8 meters from the
target, where each station is envisaged to contain thremuoiskparate layers, altogether
9 or 12. The nal number of TRD layers depends on the beamressilts, which are

shown in Chapter 6.

5.3.2 Double-sided Pad Readout Electrode

A maximization of the absorption of the TR in one single gagtawith the described
architecture can only be reached by using a readout elec{atl plane) with low X-
ray absorption between two detector sections. At the same 8mall and accurate pad
sizes are needed for the tracking of charged particles wgthoa position resolution. The
central double-sided pad plane separates the detectamiatmentical sections, each of
them forming entire MWPCs. The pad plane is made of a 25 umd€afiil, on both
sides coated with a low absorption copper pad structuretfgerawing in Fig. 5.8).
The active detection part has two rows, each with 9 pads ofiteeof 5 10 mn?. The
corresponding pads on both surfaces are connected on te@gdgircuit board to which
also two at ribbon cables for the signal transfer are xed.

For the construction of the pad plane several options wensidered and tested,

which are partly presented in the following. The nal constiion was done by vacuum
copper evaporation and subsequent etching of the metdbded@he photo-lithographic
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Photo-lithographic pad plane production
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Figure 5.9: Flow chart of the production process of the double-sidedgade.

method of production turned out to be the most accurate anslitigle steps of pad plane
production are summarized in Fig. 5.9.

In order to get a stable, very thin, and accurate conduatactsire with a strong adher-
ence to the Kapton foil the best solution for metalizatiomasuum evaporation. Copper
was chosen as conducting metal since it offers a good comgedmetween conductivity,
solder-ability and low X-ray absorption. Due to a new prgpa design without solder
contacts, for the next generation of prototypes an alumipadistructure, providing even
better transmission, can be realized (see Chapter 6.6.5).

An alternative method to the photo-lithographic applieatof the pad structure is
the evaporation through a mask, but the temporary apphicati the mask at a constant
distance is very challenging. Some trials with a simple nteskng holes with the size of
the pads showed that this procedure causes inaccuraciesd borders and especially
at the very thin data lines which is not acceptable. Gluingsble mask on the Kapton
foil was also tested. Besides the danger of residual glub@rrh the worse accuracy of
xing the mask with such small structures is a disadvantage.
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Hence, both surfaces of the Kapton foil are completely viagdrwith an average
copper layer of(0:23 0:05) um. The thickness of the layer has been determined by
weighing a small reference foil which has been evaporatadisaneously. This reference
foil was positioned next to the Kapton foil where the coppenglty was smaller than in
the central part. Thus, the coating is slightly thinner ttlae average thickness of the
Kapton foil (see also the results of measuring the absarpticChapter 6.1).

In order to determine the etching possibilities in terms afiducting path thickness
and distance, a Im with different traces was prepared fstitey the application. Based
on the results of this measurement the nal pad plane stracas seen in Fig. 5.8) was
developed, which is a compromise between etching posssiiind space exploitation.

The rst step in the etching process is the application of atplresist, which is a light-
sensitive material. When using a positive photoresistptirion that is exposed to light
becomes soluble to a photoresist developer whereas therpoftthe photoresist that is
unexposed remains insoluble.

For the etching process the photoresist (Positivkdihtakt-Chemigis rst applied
to one side of the copper-covered Kapton foil, and the foikexl on a spin rotator to
uniformly distribute the photoresist. After 15 minutes lretspin rotator the foil is dried
at 70 C for 30 minutes. After drying, the other side of the foil ispared in the same
way. In order to obtain a double-sided pad plane with a pealkgnment of pad structures
on both surfaces, a Im bag in which the foil can be put duriigiht exposure was built
(see Fig. 5.104a)).

The pad structure is printed on both inner sides of this Ingband in addition the
sides show negative and positive crop marks, respectiValy.metalized foil is put into
the Im bag and has to be exposed from both sides for 5 min@ebsequently, the pad
plane is developed in the resist developBurigard, rinsed with water, and etched in
sodium per-sulfate. The developer has to be changed afeav &fls. The foil has to be
rapidly pulled through the warm etching uid very fast besauf staying some seconds
in the bath the copper structure forms small cracks. As sedheastructure can be seen
the etching process is nished and the foil can be cleaneld agetone. The photoresist
has to be removed very carefully without using any cloth toiédecratches. Finally, it is
air-dried..

The corresponding pads on both surfaces have to be inteectathand two SMD-
connectors have to be stably mounted for data transfere$ihecmechanical load would
be too high when mounting the connectors on the foil, an awdit small circuit board is
needed (see Fig. 5.10b)). The board consists of a standatdtdoard material which
was etched with the same procedure as the foils. The ciroaitdoof 1.5 mm is 60 times
thicker than the Kapton foil. Therefore a small slit is nmali@to the side where the foil is
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Figure 5.10: a) Both sides of the Im bag for the light exposure of the Kapfoil, b) Im for the light
exposure of the adjacent circuit board.
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/Sllver wires
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Figure 5.11: Lateral view of the pad-plane xing to the circuit board.

to be attached. After xing the foil, the connections can lo@é by using thin silver wires
which are soldered to the pad plane and the circuit boardHige®.11).

Photographs of the nished pad plane and the attached timogishown in Fig. 5.12
and Fig. 5.13. Instead of standard vias, the connectioneotihresponding pads on both
surfaces is also done via silver wires at the brink of theutidgoard.

5.3.3 Prototype Assembly

After production of the pad planes the prototypes were abssim The two detector
halves are glued together and hold the inner pad plane (ge®Hi4). The left picture
presents one detector half with the xed pad plane and th# pgcture presents the two
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Figure 5.12:Picture of the pad plane consisting of a Kapton foil with ayihBcopper pad-structure on both
sides.

Figure 5.13:Picture of the circuit board on which the connection of theesponding pads on both surfaces
is realized. Moreover, the connectors for the at ribbonlealare mounted here.

identical MB-TRD prototypes which were used for the in-betast. Here, the outer gas
windows and a plastic cover are removed to show the insideethamber structure.
Fig. 5.14 also shows the gas in- and outlets for each detkatbr
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Figure 5.14: A photograph a) of the central electrode xed to one half af tihamber and b) of the total
chamber structure before mounting the gas foils (two MB-TRBXotypes).



6. Performance of the MB-TRD
Prototypes

The performance of two identical MB-TRD prototypes (whiale @escribed in detalil
in Chapter 5.3) has been investigated usimjfe X-ray source of 5.9 keV and mixed
electron, pion, and proton beams with momenta of up to 2 Gpxdvided by the SIS 18
accelerator at GSI.

6.1 °°Fe Source Measurements

The energy resolution of different versions of the protetygas measured using%e
X-ray source of 5.9 keV [Pet07]. In the following, only thedwrototypes with a double-
sided copper-coated Kapton pad plane are labeled MB-TRBidBgs them, two similar
prototypes, which are identical chambers with differeati@ut electrode materials, were
built for comparison.

One of these chambers was built with a central readout el#etmade from a printed
circuit board (PCB) of 250 um thickness, which has the sangespaicture as the MB-
TRD prototypes on both sides. It was made in order to testakeunctionality of such
a structure with the materials available before startingesign and build the MB-TRD
con guration. The other chamber contained a 3 um aluminisdar foil (1.8 pug/cn?t
aluminum layer) without a pad structure as central readi@atr®de. This one was built
in order to be able to use the con guration according to thenrparpose of this design,
to have a double thickness of the gas layer of a previous fypeabased on a single
MWPC) for the detection of TR, preserving the rate perforagafrurthermore, this kind
of electrode provided a negligible absorption. The thir@ ¢gMB-TRD) is analyzed in
detail in this thesis and was the technically most advancédtien at that time for a
readout electrode with low absorption of TR and a pad strectu

The measurements were performed at 1,700V anode voltagag uan
Ar(70%C0O»(30% gas mixture. Custom built charge-sensitive preamplileafsers
(gain: 2mV/fC; noise: 1,800 electrons RMS) were used to @sedhe detector signals
which were digitized by a peak sensing ADC (ORTEC AD811). Pneampli er is
the same as the one used for ALICE TRD prototype testing [(QioDhe source was

103
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Figure 6.1: Amplitude spectra of &°Fe source for prototypes with different readout electrodemde

signals for a) a PCB readout electrode and pad cathode sifgrdd) PCB, c) Mylar and d) copper-covered
Kapton (MB-TRD).

collimated onto the central pad to prevent the in uence etgic eld distortions at the
edge of the chamber.

In Fig. 6.1, the measured energy spectrum of%tkee source is shown for the three
different prototypes. The amplitude spectra for the pggietwith the PCB readout elec-
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trode are presented in Fig. 6.1 a) for signals taken by thel@and in Fig. 6.1b) for
signals taken from the pads. To obtain the total depositatheh the charge sum over one
pad row, as shared between the adjacent pads, is perforrasidleBhe main peak corre-
sponding to the full energy deposit of 5.9 keV, an escape peaksponding to the partial
energy deposit of about2keV is visible in the amplitude spectra (e.g. in Fig. 6.1 a))
The escape peak is due to the following process: when a priXaay photon knocks
out an electron from th&-shell of an argon atom, the hole can be lled with electrons
from higher shells. The energy differenbg is released either by a radiation-less transi-
tion (Auger effect), or in form of another X-ray photon. lishphoton leaves the detector
volume, the full energy detection of the primary X-ray phots impossible. Instead, the
energy differencd&g DE is deposited. Th&j line of argon has an energy of 2.96 keV
andK, of 3.19keV [ThoO1]. Thus, the escape peak positions arecteget 2.94 keV
and 2.71keV with an intensity ratio of 10:1, respectiveljieh is in agreement to the
observed escape peak position in Fig. 6.1 a).

The curves in Fig. 6.1 are obtained by tting a Gaussian tortteen peak, and the
observed energy resolution of586 in Fig. 6.1 a) corresponds to the anode signal. The
observed energy resolution in Fig. 6.1 b) of 15.4% was obthloy using the pad infor-
mation. It is worse than the measured resolution correspgrid the anode signal since
only one row of pads was read out. Consequently, the parteo$iinal shared between
the two pad rows (approximately 63%) was missed.

Fig. 6.1 c) presents the cathode signal of the prototypetiétiMylar foil. The energy
resolution of 125% is mainly due to the larger capacitance of the Mylar readlactrode.
In Fig. 6.1d), the spectrum of an MB-TRD prototype (contagnthe Kapton foil with
copper pad structure) was measured also by taking the sifnoah one pad row. The
energy resolution of 15.4% is equal to the one obtained ®PGB version.

The X-ray transmission for the intermediate electrode wassured by comparing
the counting rate in a measurement with the standard setp®asurement to that one
obtained with the same conditions and an additional eldetymositioned between the
source and the prototype. The measured X-ray transmisa®a kialue of 85%. The the-
oretical absorption of 5.9 keV photons in a layer of 25 um apnd 2 0:3 um copper
is calculated to 15% [Hen93]. It is a little bit smaller than the measured onedose
it is calculated for a homogeneous copper coating. The mggder coating has a slightly
Gaussian pro le due to the vacuum-evaporation method oflpetion. Since thé°Fe
source was collimated onto the central part of the pad plahere the copper coating has
the largest thickness, the measured absorption of 15% canidypreted as upper limit.
The absorption ef ciency for TR photons in the gas volumedkalated considering this
measured absorption in the pad plane. Hence, the douldd-sah guration is equivalent
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Figure 6.2: Experimental con guration used for the in-beam tests in@280GSI.

to a detector of 12 mm gas thickness in which about 15% akisart the center of the
volume has to be subtracted. The total absorption ef cidocyR photons in the detec-
tion gas of the MB-TRD prototype is determined to a value &f658hich is consequently
a lower limit (the detailed calculation can be found in Clea.3.1).

6.2 In-Beam Test at GSI

An in-beam test of the TRD prototypes was performed in Falgr@806 in a joint mea-
surement campaign of the JRA4-I3HP collaboration. The oreasents were carried out
at beam momenta of up to 2 Ge&VMixed electron-pion (negative particles) and positron-
pion-proton (positive particles) beams were used, whicreypeovided by the secondary
beam facility at GSI Darmstadt. The experimental setup esvshin Fig. 6.2, and a pho-
tograph of the setup is presented in Fig. 6.3.

The detectors discussed in this thesis are the rst two detetabeled MB-TRD (gray
boxes in Fig. 6.2). The third one has the same chamber stewsith a PCB readout elec-
trode. The other prototypes (Da TRD, Du MWPC, and Du GEM) aseu$sed in Ref-
erences [And07b, And07a, And07c]. Sandwich radiators noad®erl?7 sheets of about
4.0 cm thickness andOHACELLfoam of 2.0 cm thickness without any reinforcement (as
described in detail in Chapter 5.1) were positioned in fajrgach MB-TRD prototype. In
addition, one run was performed in which a regular foil réali&120 foils, 20 um thick-
ness, 500 um gap) was positioned in front of one chamber. Ttt®tgpes were tested
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Figure 6.3: Photograph of the setup of the in-beam test in February 20@&54 In the left part one can
see the MB-TRD prototypes with the attached radiators.

at different gas gains and beam intensities, different Xgeld gas mixtures (with 10%,
15%, and 20% C@as quencher) and momenta of up to 2 Geféf pions, electrons and
protons. The online run summary can be found in the appesd (ab. A.3). The beam
intensity was varied by changing the extraction time from 1S 18 accelerator, and it
was determined by two arrays, each one consisting of fowtiplacintillators (PL1 and
PL2). Two silicon strip detectors (Sil and Si2) were used tmitor the beam pro le as
presented in Fig. 6.4. The signals for one run are separsttelyn for the directionsand

yin Fig. 6.5. With the full width at half maximum (FWHM) of thagtributions inx and

y, a cross-sectional area of 4.2¢is determined, for which the average beam intensity
will be speci ed.

The beam trigger was de ned by the scintillator counterswtach the Pb-glass
calorimeter signal was added as electron trigger. Elestware identi ed with respect to
hadrons using a Pb-glass calorimeter and an air- lled Qttere detector. The TRD sig-
nals delivered by all pads were processed using a new gereadtpreampli er/shaper
(PASA) front-end electronics [Sol07]. The pad signals amplaed with a 16-channel
ASIC (application speci c integrated circuit) preamplirishaper with a peaking time of
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Figure 6.4: The beam pro le measured with the two silicon strip detes®y Sil and b) Si2.
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Figure 6.5: The beam pro le measured with the two silicon strip detes{@il and Si2) a) ix- and b) in
y-direction. The displacement, in particulanjfdirection, is due to the positions of the Si detectors, Whic
were not aligned precisely to the beam direction. In thissneament, the FWHM is 2.8 cm iand 1.5¢cm
in y which gives a cross-sectional area of 4.Z¢for which the average beam intensity is determined.
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Figure 6.6: Average pulse height (charge sum over three pads) in the RB-&s function of time for
different particle rates gi= 1.5 GeVk. The total time of 1.2 us is sampled in 30 time bins.

about 70 ns and with the FWHM of about 70 ns. They were digitizg an 8-bit non-
linear Flash ADC (FADC) system with 25 MHz sampling freque(@.6 V swing and an
adjustable baseline) in conjunction with an acquisitiostegn which was developed for
the in-beam tests of the ALICE TRD [And01].

6.3 Pulse Height Distribution

An example of the time dependence of the average signalg iNBrTRD prototypes is
presented in Fig. 6.6 for particle momenta of 1.5 GeWhe signals correspond to the
sum of the signals from three readout pads: the pad with thénmuen value and the
two adjacent pads. Subsequently, the obtained values araged over a large number
of events. Due to the slowly-moving Xe ions created in the @adanche the spectra
have long ion tails visible at later times. The average phésght is measured at different
particle rates. The rate is determined by dividing the nunalb@articles in a spill by the
spill length and by a surface determined by using the FWHIheflieam pro le. Only
a slight degradation of the amplitude and extension of thetadls is observed for very
high rates of up to 240 kHz/chFor the pad-charge integration in the following analysis,
the signals in the time intervat® 0:6 us (corresponding to time bins 515 out of 30)
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are used since the avalanche signal is located in this tigierdsee the gray band in
Fig. 6.6). The integrated charge in this region shows onlyakndependence on the rate
of < 2%.

6.4 Electron/Pion Separation

The main task of the CBM TRD is the identi cation of electrof@d positrons) and the
rejection of pions, respectively. As described in detaiCimapter 5, the electron identi -
cation in the TRD is based on the measurement of the energylomnization plus TR
for electrons and the energy loss by ionization for othergd@ particles like pions. In the
test-beam data the electron and pion events are selectédeolfy using the correlation
between the signals delivered by the Cherenkov and the &s-gletectors as shown in
Fig. 6.7 for a momentum of a) 1.5 Ged/dnd b) 1.0 Ge\W. The readout of the Cherenkov
detector is triggered by the scintillator counters and thgRss detector. In the test beam
electrons and pions have the same momentum but differemtitiel due to their different
masses. At these momenta (up to 2 GB\éhly electrons emit Cherenkov light and thus
produce larger detector signals. In the Pb-glass caloeimadectrons generate electro-
magnetic showers and deposit most of their energy. Sinceatienic interaction length
is larger than the electromagnetic radiation length, pabesosit only a small fraction of
their energy. Thus, electrons can be separated by thearlargergy deposit in both detec-
tors. As demonstrated by the lines in Fig. 6.7, de ning thadd signals in both detectors,
two samples of pions and electrons can be isolated. Naguti#é separation is better at
1.5GeVEthan at 1.0 Ge\.

In Fig. 6.8, the distributions of the integrated charge d#pare shown for elec-
trons and pions with momenta of a) 1GeVand b) 1.5GeW, a gas mixture of
Xe(85% C0O(15%), an anode voltage of 1,800V and with the small sandwich radia
tors in front of the detectors. Again, the signals correspimnthe sum on three adjacent
readout pads. The average electron signal is larger thapidmesignal because in this
momentum region (of some Ge&d)/pions are minimum ionizing particles and thus they
deposit less energy than electrons, which are already if-éhmi plateau (see Chap-
ter 3.1). In addition, the pure Landau distribution of thergy loss is modi ed in the
case of electrons: it is shifted towards higher values duddaccontribution of TR pro-
duced in the radiators in front of the chambers. The integraharge-deposit spectra
show slightly higher values for electrons with momenta &fGeVk than for those with
1 GeVk since the TR yield increases with the electron momentum (il
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Figure 6.7: The correlation of the signals from the Cherenkov deteatorthe Pb-glass calorimeter. The
thresholds used to identify pions and electrons are pldtteshomenta of a) 1.5 Ge¢/and b) 1.0 GeW.

------ electrons ------electrons
— pions —— pions

Figure 6.8: Integrated charge distributions of electrons (dashed &nd pions (solid line) for a) 1.5 Ge¥//
and b) 1.0 Ge W, using a X¢85%) CO,(15%) gas mixture and an anode voltage of 1,800V in the MB-TRD.
The electron distributions contain the contribution of TiRguced in a sandwich radiator.
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Figure 6.9: Integrated charge distributions of electrons (dashed lmel pions (full line) for a) a previ-
ous (single sided) TRD prototype and b) the new (doublee§i@&D prototype (MB-TRD). The electron
distributions contain the contribution of TR produced ireadwich radiator.

The MB-TRD provides the advantage of higher detection poditya of TR photons
due to the double-sided geometry. This can be seen in a caoparf the charge-deposit
spectrum to the one of a previous prototype with a single ghswe, which was tested at
GSIl in 2004 (see Fig. 6.9). The single-sided prototype, Wwiishown in Fig. 6.9 a), was
the rst version of prototypes with only one gas volume of 6 rimckness [CBMO05], and
the other spectrum is obtained with the MB-TRD (see Fig. §.9b the previous proto-
type the ratio of the mean deposited charge is 1.5 times hfghelectrons than for pions
and thus barely higher than the expected ratio due to theehmgtergy loss of electrons.
This means that the ef ciency of detected TR is very smalthe new detector geometry
the ratio of the mean charge deposits is 2.2 and the conbigldrggher absorption prob-
ability of TR photons in the detector gas, which increasedif89% (6 mm gas volume)
to 59% (see Chapter 5.3.1), can also be seen in the diffenapes of the distributions.
The peak in the electron distribution due to direct ion@ais washed out, and the mean
value moves towards larger values because of the extralmaiidn of TR converted with
a higher probability in the larger gas volume. The largeradéted charge by electrons in
comparison to pions enables a better pion-rejection padace which is discussed in the
following.
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Figure 6.10: Determination of the probability to deposit an enegyor an electron P(Eje)) or a pion
(P(Ejp)).

6.4.1 Pion Ef ciency

The charge-deposit distributions of electrons and piasishawn in Fig. 6.8, can be used
as probability distributions in order to determine the prejection factor for the TRD
prototypes. Electrons and pions have a probabiti) to deposit an energi in the
detector. Assuming that the measurements are indepermdeny,single chamber is sim-
ulated individually and then the pion-rejection factor danextrapolated ta detector
layers (here it is determined for= 9 layers). For electrons and pions random energy
depositsES andER (n= 1,:::, 9) are sampled according to the measured charge-deposit
spectra and then the probability that this energy is depd$iy an electron or a pion can
be determined (as demonstrated in Fig. 6.10).

P"(Eyje) is the probability for an electron to produce an energy digian cham-
ber n. The total probability for an electron to produce a tuple oérgy depositE =

P(E)=  P“Ene)=  P(Enje); (6.1)
n=1 n=1
with P = P" because the layers are inferred from one as they are assumed to be idéntic
and independent. This is permitted since the geometry GiRID layers will be identical.
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The total probability for pions can be determined corresiiagly:

Po(E)=  PYEdp)=  P(Edp): (6.2)

n=1 n=1

With the values for the total probabilities the identi cai probability of electrons
can be calculated. Corresponding to the random numiBgier electrons the relative
probability Le (likelihood) to be an electron is:

_ Pe(E%) . . :
Le= P(ED) + Pp(Ee)’WlthO Le 1: (6.3)

Using the value€} the relative probability that a pion is wrongly identi ed as
electron is:
_ Pe(EP)
~ Pe(EP) + Py(EP)

Lp=1 Le ;withO0 Lp 1t (6.4)
For the determination of the pion suppression factor a latgeber of electron and pion
events is obtained from the charge-deposit distributiansl the likelihood values are
lled into a spectrum as shown in Fig. 6.11.

Two ef ciencies play a role for the electron/pion separatidhe electron ef ciency.
gives the fraction of electrons which are identi ed cortectThe pion suppression is the
inverse value of the pion ef ciencg,, where the pion ef ciency is de ned as the number
of misidenti ed pions at a givere.. Typically, ane, of 90% is used. This process is
illustrated in Fig. 6.11. The likelihood distribution ofeeitrons is integrated and the lower
integration limit is chosen to include 90% of the electrorithwthe highest likelihood
values:

T
9= Lﬁ_e\i—lgo% e :
o fo(Le)

where f€ is the likelihood distribution of electrons. The pion efaticy is the fraction of
pions lying in the integration limits for electrons:

Rl-l = 90% fP(Le)
= —?9\71"—: (6.6)
o fP(Le)

(6.5)

As described above, in the test-beam data electrons and aferseparated using the
information of the Cherenkov and the Pb-glass calorim&igeice the electron and pion
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------ electrons
—— pions

90%

Figure 6.11: Likelihood distribution of electrons (dashed line) andr@dsolid line). The electron entries
are integrated from the right until 90% of all electrons areluded (gray region).

signal regions in the Ph-glass calorimeter overlap it isaatkgeous to use two thresh-
olds in this detector to obtain cleaner samples of both gdarsipecies. Here, for particle
momenta of 1.5 Ge\¢/ the upper limit for the track to be classi ed as pion is a Résg
signal of 440 and the lower limit to be classi ed as electreraiPb-glass signal of 640
(both in arbitrary units) (compare to Fig. 6.12). Trackshagignals in the gap are not
taken into account for the pion-ef ciency determinatiorftex applying these thresholds,
72% of all events are used for the analysis. The ellipticayercross-sectional area of the
beam can be determined by using the full width at half maxinfgedHM) of the beam
in x andy as half-axes. This area has a size G@r?.

In order to separate clusters from noise, different cutsappied before calculating
the pion ef ciency. After baseline subtraction, the chanmgtegral on the pad with maxi-
mum charge (paghx) has to exceed a threshold of 50 (in arbitrary units) (see@=i$ a))
and the charge integral of the two adjacent pads pahd paggny) has to be positive
(see Fig. 6.13b) and c)). The latter cut has to be appliedessigimal, which is integrated
in the time bins 6 10 (corresponding to a time of® 0:4 us), can also be negative
after baseline subtraction. This is caused by overshoots firevious hits and happens
very rarely. As expected, the spectra for paénd paggn: are very similar. In order to
illustrate the effect of noise, in Fig. 6.13 b)) the spectrisnmormalized, and the pure
noise signal is additionally plotted. The MPV of the signeitdbution is only a little bit
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Figure 6.12:The correlation of the signals from the Cherenkov detectdithe Pb-glass calorimeter. These
thresholds are used to identify pions and electrons with ergeof 1.5 GeW.
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Figure 6.13: Charge distribution a) on the pad with maximum charge fagdand the two adjacent pads
b) (paderr) and c) (paggnt). For paks the pure noise signal is additionally plotted. The noiseaéséed

as the signal integrated in the time bins where no signalpgebed. The number of time bins used for the
integration is the same in the noise and the signal case.

higher since in every one- and two-pad cluster only noisegsnded on at least one of
the neighboring pads. Since the information on an adjacaigpmissing in events with
maximum induced charge on a border pad, they are also nodesed in this analysis.

During the tests with the®Fe X-ray sources it was observed that the chamber, which
has a small size, has a larger ampli cation at the edges thtreicentral region. Hence, a
condition is put to the pulse height sharing between the gddthhe maximum charge in
one pad row and the corresponding pad in the second pad ras, ©hly clusters close
to the center of the detector (idirection) are considered for the determination of the
electron/pion separation.

All applied cuts and the corresponding ef ciencies areelisin Tab. 6.1. In total 58%
of all events are used for the determination of the pion einay.
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Cut for the determination Used eventg Usede | Usedp | Pion efciency
of the pion ef ciency of all events| ofalle | ofallp for 6 layers
No cut 100% 100% 100% 9.6%
Cutl:

Minimum charge on

Pathax Padest, and paggnt 85% 88% 84% 7.5%
Cutl + Cut 2:

Exclusion of border pads

as paehax 78% 81% 76% 7.1%
Cutl+ Cut2 + Cut3:

Exclusion of cluster positions at

the edge of the chamber (i) 58% 59% 57% 4.9%

Table 6.1: Applied cuts for the determination of the pion ef ciencygthatio of used events, and the corre-
sponding pion ef ciencies simulated for 6 detector layers.

In Fig. 6.14, the resulting pion ef ciency is shown as a fuaotof the number of
layers for measurements with different anode voltages adidtors. As described before,
the pion ef ciency is extrapolated with the charge-distition measurement in one de-
tector layer. For a 9-layer con guration the pion ef cienay90% electron ef ciency for
1.5 GeVE momentum is better than 1% using the sandwich radiator.f-anade voltage
of 1,700V the pion ef ciency is % and for 1,800V even:6%. In Fig. 6.14, a direct
comparison of the results obtained with a sandwich and alaedpil radiator is also
shown for an anode voltage of 1,700 V. For such a regularlgesppaadiator an ef ciency
of 0:4% can be reached with 9 layers, the separation performanoereased by more
than a factor of two.

For the electron identi cation in CBM, a factor of 100 in pioejection for electron
transverse momenta above 1.5 Geié/the performance goal (see Chapter 5.3). The mea-
sured performance shows that this goal can be reached withiBiTRD geometry for
9 detector layers and these results encourage the furtkietogenent of this design. In
the CBM experiment, the PID will certainly be decreased ygthe tracking ef ciency,
the hit-reconstruction ef ciency, fake tracks, and thedarction of secondary patrticles.
Hence, a full event simulation including all CBM sub-systeisinecessary as described
in Chapter 7.
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Figure 6.14:Pion ef ciency at 90% electron ef ciency at 1.5 Gedhomentum as a function of the number
of layers. The pion ef ciency is extrapolated with the chexgjstribution measurementin one detector layer.

The method used for the pion-ef ciency determination isvanient to compare dif-
ferent chamber con gurations and to obtain an estimate efrthmber of layers which
are needed to obtain a desired pion suppression. Nevesthelerrelations between the
chambers are not considered using this method. More riealesults can be obtained
using a larger number of prototypes. This is planned for th& beam time with real-size
prototypes of the TRD (see Chapter 6.6.5).

Correlations Between Different Detector Layers

Up to now, no correlations between different detector layegre investigated. This will
be possible by a measurement with a larger number of pragetyput rst experience
has been gained with the ALICE TRD. The ALICE experiment atd,i/hich is planned
to go on line in the end of 2009, also uses a TRD for the elefgron separation and
for the tracking of charged particles [ALIO1]. It will be cqmsed of 540 detector mod-
ules arranged in 18 supermodules. Each supermodule withtosix layers of detec-
tors (MWPC + radiator), subdivided into ve sections. A fylintegrated TRD super-
module was tested in 2007 in a mixed electron-pion beam wibmenta of 1, 2, 4,
and 6 GeVe, provided by the PS accelerator at CERN. Each gas volumded With
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Xe(85% CO,(15%) and has a thickness of 3.7 cm. Hence, the absorption praigdbil
TR is about 95% in each TRD layer. In this test-beam data, wealelations in the elec-
tron signals and thus also in the electron/pion separatidha single layers have been
observed [KIi09]. It can be ascertained that higher chagpedits by electrons (and not by
pions) are obtained in ve of the six TRD layers, which slighimprove the electron/pion
separation. This correlation is short-ranged: it has atlen§1 2 layers and no higher
charge is observed in the rstlayer. This indicates thattkiea deposited charge might be
due to bremsstrahlung or TR photons from the previous |&yer.reason for this obser-
vation is not yet fully clari ed, measurements in the ALICEtgp within a magnetic eld
can help to investigate the cause. This point has to be ceresldvhen planning the CBM
TRD layout. For example, if this extra deposited charge fecteons is due to TR from
a previous TRD layer, this effect could be even stronger e@BM case since the TR
and consequently the bremsstrahlung transmission pridigabione layer is much larger
than in the ALICE-TRD case. It has to be properly understaod, it does not necessarily
imply a disadvantage. Since the CBM TRD will not be located magnetic eld, and the
TR is peaked in forward direction, this effect might imprakie electron/pion separation.

6.5 Simulation of Electron/Pion Separation

In addition to the analysis of the test-beam data, the medspectra of deposited charge
have been described by a GEANT3 [Com93] simulation in ordgprovide a realistic
input for the TRD in the simulation framework (CbmRoot) o&t68BM experiment (see
Chapter 7). The GEANTS3 transport code describes the pas$pgéicles through matter.
It is used to propagate particles through an experimentapsé simulate the detector
response, and to represent graphically the setup and thel@#majectories.

6.5.1 Simulation of Energy Loss by lonization and Transitiam
Radiation

For a realistic determination of the electron-identi aati capabilities provided by the
TRD, it is essential to correctly describe the energy losshafged particles in the detec-
tor gas. Since transport models do not provide a reliablergdion of TR, it is modeled

separately according to the experimental data. For the DRyation and absorption a
routine with foil-stack parameters as input is used. Thapaters of the simulated ra-
diator are the number and the thickness of the foils as wahagap thickness. Since a
realistic simulation of a radiator consisting of bers an@RACELL is impossible due
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to its irregular structure, each radiator is representea foyl stack. The set of parameters
is chosen such that the measurements are best reproducdide Fanizing energy loss, a
correct description of measured data can be achieved WEBIANT3 [UhIO8].

6.5.2 Implementation of the New Detector Design

In a geometry le an idealized con guration of the TRD is cted which is sensitive in

the entire detector plane: The TRD consists of 3 stationk iayers each. In front of

each layer of the TRD a radiator is located. In addition, ittatns an active gas volume of
12 mm with a Kapton pad plane, a Mylar foil, and a layer of gaid aopper representing
the electronics (see Fig. 6.15).

In this simple geometry the pad plane is located in front efdlas volume instead
of a complex geometry with two gas volumes in each layer. §bimmetry describes the
material distribution and is used to calculate the energyg.l®he pad-plane position does
not strongly affect the energy loss by ionization and cawasesgligible error. For the
TR calculation the pad plane is located at the correct mwsiti the center of the gas
volume. For an estimate of the error in the energy loss dusetposition of the pad plane
the energy-loss distribution with a pad plane in front of ¢fas volume is compared to a
measurement with a pad plane behind the gas volume. Thealitfe in the energy loss
is so insigni cant that no noticeable changes in the spdudree been observed.

6.5.3 Particle Simulation

The particles are simulated by using a so-called box gemrefakectrons and pions are
produced with xed momenta distributed uniformly infaand co$q) window, 1 cm in
front of the rst layer TRD. In order to simulate a single pootpe the readout of the
energy loss and TR is done in the rst layer.

6.5.4 Comparison of Simulated and Measured Energy-Loss Sp&a

The simulated energy-deposit spectra for electrons antsgiave to be compared to the
measured charge spectra of the MB-TRD prototypes. Sincentgesured charge origi-
nates from ADC signals in arbitrary units, which are projmol to the deposited energy,
a scaling is necessary to calibrate the measured data. &asc#ting a Landau function
is tted to the pion distributions obtained from test-beaataland from simulations. The
pion distributions are used for the scaling because theytioantain a contribution from
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Figure 6.15: TRD geometry based on the MB-TRD layout in CbmRaat-§tandard-MB.geo ]. The
TRD is composed of three stations (a) each consisting ofléyers (b). One of these layers is shown in c).
Each level represents a new mother volume with new origd) (Tthe sizes and positions are given in mm.
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Figure 6.16: dE/dx in simulation (thin lines) and test beam (thick line) for@tens (dashed lines) and
pions (solid lines).

TR. The ratio of the most probable values is the scaling fastoch is used for calibra-
tion. After calibrating the energy loss by pions and eletsrthe radiator parameters are
chosen in order to get the best description of the TR corttdbun the electron energy
loss.

The thin lines in Fig. 6.16 show the simulated energy-depsctra for electrons
and pions. In addition, the measured charge-deposit hlistons of the prototypes are
presented for comparison (thick lines).

The particle momentum is 1.5 Ged/In both measurements the same number of
events is used in order to get the same statistical accufdeychosen set of radiator
parameters leads to a good agreement of the electron distris obtained in the simula-
tion and the test-beam data, but for pions the parametepsstribt reproduce the data. At
higher values of the energy loss the simulated energy-lisgstalition produced by pions
is below the measured distribution as seen in Fig. 6.16.dtdeen excluded that higher
values of the pion distribution obtained from measured degadue to multiple hits as the
observed effect does not depend on the particle rate.

Since the electron/pion separation is not ideal in the expet (as seen in Fig. 6.12),
the simulated pion sample has been contaminated artiyciaith electrons in order to
best describe the data. This seems to be a good approacltsedhalbest consistency of
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Figure 6.17: dE/dx in simulation (thin lines) and test beam (thick line) for@tens (dashed lines) and
pions (solid lines) with a 5% electron contamination of thadated pion sample.

the simulated and measured pion curves is obtained withtalmation level of 5% (see
Fig. 6.17). In contrast to the pion case the electron cuneesxribed very well without
contaminating the electron sample. Any conclusion abowtsaiple contamination of the
electron sample is dif cult as the parameters in the TR-pidiabn routine were selected in
order to reproduce the measurements. Furthermore, sucttantioation is unlikely. This
can be understood from page 116: Fig. 6.12. The electrontdigbn appears broader in
the Pb-glass/Cherenkov plane whereas the pions are shanglgd by the Cherenkov
detector. This causes a higher probability for the pion dartgobe contaminated by elec-
trons than the inverse case leading only to an unilaterabooimation. The contamination
of the simulated pion sample, which is necessary to desthribtest-beam data, indicates
that the separation of pions and electrons via lead glas€aerdenkov detectors at mo-
menta of 1.5 Ge\Wis not 100%. Unfortunately it is not possible to tighten thB uts

in the test-beam data in order to get a cleaner sample beatlss case the statistical
accuracy would not suf ce to draw conclusions from the oh¢ai charge-deposit spectra
and even more to use the spectra for the determination ofitimegh ciency. However,
the contamination of the pion sample in the test-beam dateiges a plausible expla-
nation for the deviation between the measured and the siedufzion distribution as it
can be con rmed when investigating higher contaminatiorele. Higher contamination
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Figure 6.18:dE/dx in simulation and test beam with a 5% electron contaminaifdhe pion sample.

levels can be obtained in the test-beam data by choosingeweats in the electron/pion
separation with the Pb-glass calorimeter and Cherenkaacttetsignals. The resulting
charge-deposit spectra for electrons and pions can be wsdtlrithed by simulations in
which the contamination levels are increased by the sanerfac

6.5.5 Pion Ef ciency in Simulation

In the simulation the pion ef ciency is determined using imulated energy-loss spectra
with the same method as for the test-beam data (as descrilf&ldaipter 6.4). The pion
ef ciency at an electron ef ciency of 90% versus the numbésionulated detector layers
shows a quantitative agreement of simulated and test-betar(ske Fig. 6.18).

This agreement is only reached by contaminating the piorpkawith 5% electrons
(as described in the previous section). For an investigaifathis effect a comparison
of the pion ef ciencies with different fractions of electrs is shown in Fig. 6.19. The
pion ef ciency decreases to lower contamination levelsy@theless, the level of 5%
cannot be improved in the test-beam data because then tisticth accuracy would
not suf ce to draw conclusions from the obtained chargeed#pspectra and even more
to use the spectra for using the likelihood method (as daesdrin Chapter 6.5.4). With
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Figure 6.19:Pion ef ciency as function of the number of simulated dete¢ayers in test-beam data (black
points) and in simulation (circles) for different contamiion levels of the simulated pion sample.

this assumption, the dashed curve (0% contamination lavef)g. 6.19 represents the
performance of the detector in a pure electron and pion beam.

The energy loss of charged particles in the detector gasrencbintribution from TR
produced by electrons is described using simulations. Asrdeed before, the radiator
parameters are chosen to reproduce the measurements aépbsitdd charge. These
parameters are implemented together with the MB-TRD gegmetCbmRoot and are
used for physics analyses like the study discussed in Chapte

6.6 Position Resolution

In conjunction with the STS, the TRD has to facilitate theckiag of charged particles
with good position resolution in the CBM experiment. In arde reconstruct charmo-
nium and low-mass vector mesons, for the TRD, the requirsdipa resolution in bend-

ing direction of the magnetic eld is of the order of 3006600 um at count rates of up to
100 kHz/cnt [CBM09a] (all TRD requirements are described in Chapte). 5 Be posi-
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tion reconstruction capability of the MB-TRD prototypessnavestigated with the same
test-beam data as used for electron/pion separation @ty the SIS 18 accelerator at
GSI in 2006. The following results are already partly puiid in Reference [KBOS8].

A charged particle traversing the detector creates a sigaajas ionization as de-
scribed in Chapter 5. The charge cluster can be recongtirfroi@ the signal distribution
on adjacent readout pads at the cathode pad plane. Witmtbisnation, the position of
the cluster can be determined with better resolution thahdbtained for a single pad.
Assuming a uniform distribution, the cluster position canreconstructed with a res-
olution of 1=" 12 times the pad width. However, with the additional knowledf the
pad response function (PRF), a considerably better pasiisolution can be obtained as
discussed in the following.

6.6.1 The Pad Response Function

The inner double-sided cathode plane of the TRD is subdiMidi® two rows, each con-
sisting of nine separate pads with independent chargetsenmgadout (see Fig. 6.20). In
the upper plot of Fig. 6.20, the pulse height versus time err¢ladout pads is shown for
a typical event. The readout pad structure with the labeliepdsition of the same event
is shown in the lower picture. Due to the number of availabbdout channels, only 16
of the 18 pads were read out during the test beam.

The measurement of the coordinate of the avalanche alongitaealirection is done
by interpolating the pulse height recorded on adjacentagaplads of the widthV. The
degree of charge sharing is measured by the PRF, de ned aatibeof the charge de-
posited on a pad(Q;) to the total charge on three adjacent pd@g:= Qi 1+ Qi+1+ Qi)
as a function of the position of the hit relative to the padteeyn (see a detailed descrip-
tion in Reference [Blu94]). The nomenclature for the positon the pad row is illustrated
in Fig. 6.21. If pad is the pad with maximum charge, the PRF is called #RF

The PRF is obtained by integrating the charge dengiy over one pad width:

Z y+W=2

PRR(Y) = —  (9cy? 6.7)

QtOt y W=2

It represents the amount of induced charge that has to bectedl on the pad, ang

denotes the distance between the track and the center chthe is the coordinate to be
determined for a track by comparing the pulses on neighggrads. It is experimentally
found that the PRF can be approximated by a Gaussian curkignaitfew percent of its
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Figure 6.20: The upper plot shows the pulse height versus time on 16 rég@aols for a typical event (16

pads were operated: 07 and 8 15). In the lower picture a schematic view of the readout piacttire

with the labeled hit position of the same event is shown.
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Pad i-1 i i+1

Figure 6.21: Nomenclature of the positions: the cross designates thercehthe cluster andis the pad
with maximum charge.

maximum value [Fan79]. Thus, the position of the hit can lm®mstructed by assuming
a Gaussian shape of the PRF. With this assumption the PRFegaarametrized to:

Qi e
Qi 1+ Qi+ Qi he 2
whereQ;,Q; 1, andQj+1 are the charges on the center paas well as on the neigh-
boring pads on the left and on the right side, respectivetg ibtal charge can be well
approximated by the sum of the three pads.

By using the coordinates of the centers of three adjacergypadw, y; andy; + W,
the pulse heights recorded on them can be determined. Fogavéin aty = y; = 0, the
fraction of charge deposited on pad 1, i, andi+ 1 can be determined by the function
values PRE(y+ W), PRR(y), and PRE(y W), respectively:

= PRRoy(y);

Qi 1 - pe <y;smé)2_
Q 1+ Qi+ Qi1 ’

@ = Ae zys_zz;
Qi 1+ Qi+ Qi+

Qi+1 _ A (VT:VZ)—Z
Q 1+ Qi+ Qir1 ’

whereA is proportional to the total charge of the avalanche. In sleisof equationsA,
y ands are unknown. In order to determine the PRF, the displacegnleas to be deter-
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mined without knowledge of the paramegerWith this goal the ratios of two equations
at a time may be determined to:

Q 2yW+ W2

O 1 = e 2 and (6.8)
i1

. 2

Q('; L - e (6.9)
1

Two further ratios can be calculated by building the produd the ratio of Eqgs. 6.8
and 6.9:

, 2w

Qi+ 1 esZ and (6.10)
Qi1
Q@ w
= esZ: 6.11
Qi 1Qi+1 (6.11)
Subsequently, the Egs. 6.10 and 6.11 can be solved for
W In(Qi+1=Q;i 1) .

y= (6.12)

2 In(QF=Qi+1Qi 1)’
The hit-position information for a large number of tracks t& used to plot the PRF
as in Fig. 6.22. The picture shows the relative pad cha@e(Q; 1+ Qi+ Qi+1)) as
function of the reconstructed cluster position in pad uritee measured PRF is approxi-
mated by a Gaussian curve which is illustrated in Fig. 6.2R & seen that the Gaussian
approximation is not perfect; in particular, it is steepmrlarge values ofy;j.

An empirical formula by Mathieson [Mat88] for the inducedache distribution (y)
describes the average behavior in symmetric MWPCs alongribde wires well, where
the y-coordinate is given by the wire direction (see Fig. 6.20jthwthe Mathieson for-
mula the charge distribution can be described in terms ohglesiparameter only. This
single-parameter formula for the cathode induced chargellitionr (1 ) in a symmetric
chamber may be written as:

r(I):K 1 tanfP(Kal)

: 6.13

Oa i Kstanl? (Kol ) (6.13)
where

szK_s
Ki = ——p— .14
! 4tan 1" Kj and (6.14)
p e
Ko = - 1 3 (6.15)

2 2
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Figure 6.22: Pad response functions f@¥ = 0:5cm of the MB-TRD prototype. The avalanche is in the
center of the pad. The circles show the measured PRF. In ¢ipthshows a Gaussian t to the measured
PRF and in b) the line shows results of a calculation usindgvththieson formula [Mat88].

Here,l is de ned asl = x=h, thex-axis being either parallel or perpendicular to the
anode wire direction, the valug is the net anode charge, and the anode-cathode sep-
aration. The paramet&s is a function of the radius of the anode wires, the gap between
the anode wires, and the distance from the anode wires toathede planeKs is given
for different chamber geometries in Reference [Mat88].tRerdetermination of the PRF,
the charge distribution has to be integrated over a pad width

Z|+V_V

z r(l) 1 P P_— W+ 2x
dl = p__ t Kstanh 2+ K
W Oa Zarctan Kz o oan fstan ( 3) 8h
P P
+ arctan  Kstanh p( 2+ Kg)W 8h2x (6.16)

In Fig. 6.22 b), the measured PRF and a comparison to thelasduMathieson for-
mula is shown. The Mathieson formula describes the measftRédeven better than the
Gaussian t, especially at the edges of the neighboring p@dier the complete t re-
gion, the valuec?/ndf improves by a factor of two. The agreement shows thaPiRE
of the chamber is understood within the context of the Mathieformula. Nevertheless,
the position of the cluster can be adequately reconstrusied) the Gaussian assumption
and the widths of the PR are taken from the Gaussian t. The obtained values are
s1=0:541 0:004 ands, = 0:541 0:003 pad units for the measured PRFs of the two
identical MB-TRD prototypes.
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6.6.2 Cluster Reconstruction

Measuring the PRF's width, the displacemgnif the hit from the center of pad(pad
with maximum charge) can be determined with a better reisolpeither by using the
padsi 1 andi (see Eqg. 6.8)

s2 Qi W

=W % (6.17)

or, alternatively, by using the padandi+ 1 (see Eq. 6.9)

2 o
S Qs W
wo 2

(6.18)

In the case of 2-pad clusters (when the cluster can only lmgrézed on two adjacent
pads) the displacement and thus the position can be detdrbinusing Eq. 6.17 (in the
case of signals on padandi 1) and Eq. 6.18 (in the case of signals on paddi + 1).

If the track gives a signal on three adjacent pads, whicheigrtbst common case, the best
results are obtained by combining these two measurementsocod weighted average
with weightsw; andw, [Blu94]:

1 W s? i W s? i
£ 9 + W S Q1

w1+ Wy MW Qi1 27w Qi (6.19)

y:

Here,s is the width of the Gaussian tted to the PRF, aifds the pad width. Since the
statistical error is roughly inversely proportional to ttwlected charges on the side pads,
one can use a standard weighted least-squares procedhmtvlwuitQi2 1 andw, = Qiz+ 1
whereQ; is the charge on padBeing aware of the displacement the cluster position can
be reconstructed.

6.6.3 Position Resolution Along Wire Direction

For the determination of the position resolution the aligmtof two identical prototypes
can be calculated with the reconstructed cluster positiobsth chamberg..q andyg.».
This is shown in Fig. 6.23, where the average difference efrétonstructed positions
in the two chambers is presented as a function of the positidhe rst chamber. In
this plot, the two pad rows are drawn consecutively. Subsetty) this distribution can be
tted with two linear ts. ForSmm  yg.1  35mm, the obtained tis{(yc:1) = ( 0:008
0:00Dyg:1+(0:303 0:0089 mmand for45mm ye.4  75mm,itis b(yg:1) =( 0:010
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Upper pad row Lower pad row
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Figure 6.23: Alignment of two MB-TRD chambers with linear ts. On thgaxis the difference of the
reconstructed cluster positions in two chambers is shoWwaxJaxis shows the position in the rst chamber
where the two pad rows are plotted consecutively.

0:00Dyg:1 (0:31  0:03) mm. The positive slope of the ts is due to an misalignment
between the two chambers in the form of a rotation inxtheplane. Within the errors
the slopes of both ts agree as expected for the pad rows gsatieearranged at the same
cathode. The beam divergence does not play any role as igigide due to the small
distance between the prototypes.

The wavelike structure in the distribution of the alignmenhich can be seen in
Fig. 6.23, is caused by the deviation of the Gaussian paraadn from the PRF at
the edges of the neighboring pads. For the small prototypleish are investigated here,
it is suf cient to apply a linear t to the alignment as dedoed above. However, when
choosing another chamber geometry in terms of anode-cattigthnce and pad size, as
e.g. planned for the real-size prototypes (see Chaptes)6tbe PRF might have an even
less Gaussian shape which would amplify this effect. In taete it should be consid-
ered to use a more complex PRF parametrization for the detation of the position
resolution.

For given tracks one can de ne residuals as the distancedsetihe reconstructed

Ve Yel2l(Ye:1) and the tted value f2(y¢:1) of the displacement between the cluster
positions in the two chambers (see Fig. 6.23):

Dy=[VYe1 VYer2l fa2: (6.20)
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Figure 6.24: Distribution of residuals with a Gaussian t for a single rumth HV=1,700V and
p = 2GeVk, using a X¢90%) C0O,(10%) gas mixture. The signal-to-noise ratio S/N as de ned later,
161 0:4.

The position resolutiorsy of two detectors is given by the standard deviation of a
Gaussian tted to the distribution of residudl for a large number of tracks. With this
method no external tracking devices are needed for theiposisolution determination.
Since the two prototype%are identical in construction pbsition resolution of a single
prototype is given bysy= 2. A typical distribution of residuals for moderate pasticl
rates is shown in Fig. 6.24. This resolution of two prototypees not strongly depend
on external effects like multiple scattering in front of tjes volume of the wire chamber
and/or beam divergence because of the small distance betivegorototypes. It thus
represents the intrinsic position resolution of two idealtprototypes.

For the determination of the pure tracking performance eMB-TRD different cuts
are applied to minimize disturbing factors. Since the infation on both adjacent pads is
needed, events with maximum induced charge on a border patbaconsidered for the
determination of the position resolution.

Multiple hits, which occur particularly at very high pategates, worsen the measured
position resolution, and they can be reduced by a cut on thmetratio of the adjacent
pads. Due to the additional deposited charge, multiplerhdag cause a deviation from
the mean charge ratio of the adjacent pads. Fig. 6.25 shandistribution of the ratio
Qi 10+ 1:Qi2+ 1» Whichhas aMPV of 23 0:06 and a long tail to higher values. An event
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Counts

Qi+1'Qi-1 /le

Figure 6.25: Distribution of the measured amplitude ratio.

with a large deviation of this average value produces a tlateesponse very different
from the PRF which is probably caused by multiple hits.

It is important to nd reasonable cuts in order not to prefertain cluster positions
for the determination of the position resolution. With theasured PRF a cluster-quality
measure (CQM) can be calculated to separate isolated idudsten shared clusters:

_ PRRy 1) PRRy+1).

CQM PRF(y)

(6.21)

In the case of a Gaussian parametrization, the value CQMdnamitonstant for all clus-
ter positions. For example, for the Gaussian curve ttedhe measured data, which
is presented by the line in Fig. 6.22a) a calculation of CQMegithe same result of
CQM = 0:035 0:002 for eachy between 0 and:B. Since the measured PRF differs
from a Gaussian curve, especially for hits at the border @& the CQM values depend
on the hit position. In Fig. 6.26, the measured CQM (obtaifreth the data which are
e.g. seen in the open symbols in Fig. 6.22) as a function ofltieter position is shown.

As expected from the Gaussian shape of the measured PRE&rgasitions near the
center of the pad with maximum charge, the distributiontisgaconstant in this region. It
can also be seen that positions that are closer to the cdriter pad lead to lower values
of the CQM, while the maximum values are reached at the bdrelisveen two pads. In
order not to suppress valid clusters, the thresholds faeshauster discrimination should
be chosen in a way that they include these CQM values.

A cut can be set to the amplitude rat@® 1Qj+ 1:Qi2+1 since this ratio can be deter-
mined for every single event. As explained in the followitige amplitude-ratio distribu-
tion in Fig. 6.25 does not show the same MPV as the CQM calounlain Fig. 6.27, the
amplitude ratio is shown as a function of the reconstruchaster position. It can be seen
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Figure 6.26: Quality measure for ideal clusters as a function of clustesitpn, extracted from the mea-
sured PRF. The line shows a composition of a constant t fory) 0:2 and a second order polynomial
for0:2 y 05.

Qi1Qix /le

Cluster position (pad units)

Figure 6.27: Amplitude ratio as function of the reconstructed clustesifion. The black curve shows the
CQM calculation.

that the mean amplitude ratio values are smaller than thecteg CQM values (illus-
trated as black curve). This can be understood when congptr@se two measurements:
for the CQM using the PRF the ratio

<Q 1>< Q1>

Y (6.22)
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is determined. Since the normalization to the cluster spgeears in the numerator as
well as in the denominator, it is canceled. In the contrdrg,measured amplitude ratio,
averaged over the events, is:

< Q 1Qi+1 .

Q7

Since the variable®; 1, Qi+1, andQ; are highly correlated, the covariances have to be
considered. It can be shown that the difference between dammalues is caused by the
covariances of the variables when calculating the ratiemyin Eq. 6.22 directly with the
measured data. This gives the same mean value as the CQvhaiiagsin Fig. 6.26.

The difference of the mean values is illustrated in Fig. GaRd it can be observed
that the measured distribution of the amplitude ratio fwdhe same trend as the CQM.
Thus, a reasonable cut can be set at a lower value withoutwamualid clusters. For
the determination of the position resolution a threshol@®:6# for measurements with
moderate particle rates is used.

The cuts described above are adapted to get a constantreficia all runs when
investigating different beam intensities. As events withltiple hits are removed from
the analysis, not only the accuracy increases, but the tdetefcciency decreases. Thus,
the resolution versus rates is determined at the same atygias the cluster-quality cut
is slightly softened for runs with higher beam intensities.

Fig. 6.28 shows the rate dependence of the position resolwith a constant ef -
ciency: in these measurements, the fraction of the useddritsalculating the position
resolution is 25.2% after application of all cuts mentiorasdmbve. This ef ciency was
obtained in the measurement with the lowest rate and theecigsality cut was subse-
quently loosened in measurements with higher rates in dodget the same ef ciency.

(6.23)

The signal to noise rati8=N and thus the gain has been varied by changing the anode
voltages. HereS=N is de ned as the ratio of the signal integrated in the timestén 10
(corresponding to a time of:® 0:4 ps) to the signal integrated in the time bins b
(corresponding to a time of 00:2us), where no signal is expected (see the average
pulse height distribution as a function of time in Fig. 6 Al.signals are integrated after
baseline subtraction. IncreasiisgN leads to a better position resolution. The position
resolution for different voltages is shown in Fig. 6.29.

Due to technical dif culties, it was not possible to perfothese measurements using
the same gas mixture. In addition, with a gas mixture qf2086) CO,(10%) the chambers
were not operated with voltages higher than 1,700V in ordgorevent the chambers
from sparking. Nevertheless, from the comparison in Fig9@he strong dependence of
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Figure 6.28:Position resolution as a function of particle rates with HY,Z00V andp = 2 GeVkL, using a
Xe(90%) C0O,(10%) gas mixture.

the position resolution on the applied voltage can be selea.bEst resolution f141
4) um was measured at the highest anode voltage of 1850V, pvith2 GeVk, and a
Xe(80%) CO,(20%) gas mixture.

However, for measuring the rate dependence shown in Fi§, &.thoderate voltage
of 1,700V was chosen in order to prevent the chambers frotabilgies at high rates.
In these measurements, for the lowest rate, the most p@bahle of theS=N, obtained
from a Landau t to theS=N-spectrum, is 18 0:4 and decreases to D4 0:6 for the
highest rate.

By using a gas mixture of X80%) CO,(10%), the value of the position resolution at
moderate intensity i€161 3) um or 32% of the pad width. No signi cant deterioration
of the position resolution is observed up to average partiates of 200 kHz/ckh The
design goal for the TRD is a position resolution of 300-500(sme Chapter 5.3) for
particle rates of up to 100 kHz/dmlt can be seen from the results of the test-beam data
that the measured position resolution of the MB-TRD prqtetyis clearly better even for
the highest rates, which are considerably higher than thect®d rates in CBM.
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Rate = 38 kHz/cm?2

[Xe(85%) p= 2 GeV/c
CO(15%)]
[Xe(90%0)
CO(10%)]
[Xe(85%)
CO(15%)]

Figure 6.29: Position resolution as a function of the anode voltage witbrstant rate of 38 kHz/chand
p= 2GeVkt.

6.6.4 Position Resolution Perpendicular to the Wire Diredbn

Due to the subdivision of the readout pads in two rows, it s glossible to obtain a
position measurement iadirection (perpendicular to the wire direction) with agkgion
better than the pad height. As a rst approach, this is doreagously to the position
determination along the wire direction by measuring thegéaharing between the two
pad rows (see the pad layout in Fig. 6.30). Theyefore, thegetsum on ve adjacent pads
around the pad with maximum charge pad( :+§Qi) is divided by the charge sum
of ten pads: the ye pads mentioned before and the adjacempads belonging to the
opposite pad row ( }+§Q,-), respectively. The indeixcan take the values 25 and 10
13;for2 i 5:j=i+8andforl0 i 13:j=1 8. Five adjacent pads are taken in
order to be able to tthe cluster distribution with a Gaussas described in the following.
The inverse value of this ratio is plotted separately fordhge that paghx belongs to the
upper row and for the case that pagbelongs to the lower pad row, respectively (see the
red and the green lines in Fig. 6.31). The peaks in the rasiildution are caused by high
eld gradients near to the anode wires. The displacementéan the peaks is caused by
the position of the wires which are not accurately symmaetrithe pad rows. It can also
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X (pad units)

Figure 6.30: Layout of the readout pads i andy-direction. The appellation of the pads is given for
an example in which the cluster position is designated byctiess. In this example, pad number 4 is

Padhax= Pag.

Wire direction

A 4

90[

80k

70

60

=

50

40

30

20

10

%W

pad,, in upper row

pad,., in lower row

\‘“‘lh Pl

o

P
Figure 6.31: Charge ratid

j+2
j2

0.1

P J+2

W "

3 0.

Hu

0.5

(Q)Y( 'Q+ Q)

P
Q= ["3Qj+ {"3Q)] for the case that pag belongs to the upper
row (red) and for the case that pag belongs to the lower pad row (green).



140 Chapter 6: Performance of the MB-TRD Prototypes

Figure 6.32: Reconstructed cluster position }direction. The peaks correspond to the wire positions
which are shifted towards the borders due to the eld geoynetr

be seen from the number of entries that more tracks lead tdspe the upper pad row
since the center of the beam was located above the centex oh&tmber.

To simplify matters, the same width i and y-direction and a Gaussian shape is
assumed for the charge cluster. In order to determine trsterlposition inx-direction,
a Gaussian curve with the same cluster width and amplitudeshwmvas determined for
every single event, was shifted along thdirection until the measured charge sharing is
reproduced. This is justi ed by the rather quadratic shapb®area covered by the pads,
on which the charge is integrated. In addition, the integtaharge is equal alonxgandy-
direction by using the same pads for the charge integrdtarher details on this analysis
will be available in Reference [Berl10]. A spectrum of theamstructed cluster positions
is shown in Fig. 6.32. In this distribution, the in uence bkttanode wires can be seen very
clearly as peaks. An alignment between the two MB-TRD pygtes and a determination
of the residuals (the procedure is identical as fontpesition described in Chapter 6.6.3)
gives an average value for the position resolutiofi#30 11) um for a measurement
at moderate rates (38 kHz/énHV =1,800 V,p = 2 GeVk, Xe(90%) COx(10%)). Unlike
in y-direction, this resolution strongly depends on the positiself.

This can also be seen from the widths of the peaks inducedeb\etti close to the
wires in Fig. 6.32. The resolution of the wire image gets woas larger distances to
the center of the chamber. Here, the resolution deter®faden (330 90) um (for the
innermost wire) td560 10) um (for the second wire) and {4055 210 um (for the
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third wire). The eld of the outermost wire is not even vigtdnymore. From a simulation

it can also be seen that the determinationxgdositions, which are located at a large
distance from the centep{ 8 mm), the resolution gets very bad within this chamber
geometry. In that case the opposed pad row would not giverelsemd the position can
be anywhere betweet= 8 mm andx= 10 mm or betweer= 8 mmandk= 10 mm,
respectively. The aforementioned position resolutior-tfirection has been determined
for the whole detection areg{ 10 mm).

Although the position of the charge cluster can be deterdwvieh a good resolution,
the position itself is shifted towards the anode wires anesdwot reproduce the beam
pro le as clearly seen in Fig. 6.32. By using this method, plsition of the particle track
can be related to the position of the closest wire, Thusntdstermined with a resolution
of the order of the wire distance 2.5 mm divided by 2.

The pad design of the MB-TRD, which is limited to two rows hesa of the readout
path, may be convenient for a comprehensive position measnt perpendicular to the
wire direction. Of course, excellent resolution in botrediions is obtained when rotating
every second TRD layer by 90In order to test the possibility of a two-dimensional
position measurement with the required position resatutidoth directions already with
one layer and a realistic cell size, the design of the prpegyhas been optimized as
described in the following section.

6.6.5 The Next Generation of CBM TRD Prototypes

The MB-TRD prototypes investigated in this thesis show \gggd performance in terms
of electron/pion separation and in terms of position retsahy which both meet the re-
quirements of CBM even for the highest measured particksrat/ith the results of the
performance measurement of the small-size prototypesigkiegeneration of TRD pro-
totypes has been developed and is currently under conisimuntcollaboration with the
group in Bucharest. These new devices are real-size ppastior a TRD in the CBM
experiment, and are brie y described in the following.

Due to the good electron/pion separation the inter-wirtadie (2.5 mm) and anode-
cathode gap (3 mm) of the chamber will be retained: the nembleas also have a double-
sized gas volume of 12 mm thickness with a central pad-rdamgbode. Only the detec-
tion area will be increased from 20 mm to 80 mnmxinand from 50 mm to 377.5mm in
y-direction.

A challenge for the TRD is to offer a two-dimensional meameat of the cluster
position across the entire area. The design goal for thesiealprototypes is a structure
ful lling all the requirements and being as simple as poksit the same time. Thus,
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Figure 6.33: Drawing of the pad plane of real-size prototypes.

Figure 6.34:Photograph of the rst constructed pad plane of real-sizéqiypes made from a Kapton foil
with a double-sided pad structure from 20 nm chromium andn2@@luminum.

the single TRD cells are rectangular detectors. A rotatiorectangular planes relative
to each other in order to access a two-dimensional posititormation is dif cult. In
addition, within a rotated geometry, the frame and eleatsmaterial shadows active
detection areas of the following layers. If it is possiblehmose the same geometry and
orientation in subsequent layers, only the same non-semsggions in each layer would
be shadowed. Hence, the idea of the real-size prototypestiisaure which allows a two-
dimensional position measurement with the required pwsitesolution within a single
layer. For this reason, the rectangular readout pads adivédéd into two triangles each.
Moreover, the new TRD geometry with one pad row per countewalfor a large active
area without electronics in the central region or on the tmdk of the active detection
area, which would shadow subsequent active areas. A plkendipwing of the pad plane
is shown in Fig. 6.33.
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As shown with the small prototypes, the position resoluing the wire direction
is of the order of the design goal. This can be assumed witlzogé losses also for
the new geometry by considering the rectangular pads dorgsisf two triangles each.
With this new structure it is also possible to get a positiesotution perpendicular to the
wire direction better than the pad size divided b$2 by considering the charge sharing
between two adjacent triangles. For the measurement ofable position iny-direction,
the rectangles (consisting of two triangles) are consttiani¢h a pad width of 1 cm and
for the position measurementxdirection the charge sharing between the rectangles of
a length of 8 cm can be used. Since the active detection partanTRD cell consists of
2 36 readout pads, it has a total size of 80 mn877.5mm (see Fig. 6.33). In these
prototypes, the rectangles have twice the width of the pattssi small prototypes, which
were optimized for the chamber geometry in terms of anodeeci gap and anode wire
spacing. For this new pad size a larger anode-cathode gapigivable. The nal pad
size and geometry has to be chosen also in dependence orsiBlpmumber of readout
channels.

Even though the electron/pion separation was already muftcfor the MB-TRD,
it can still be improved by a pad plane providing higher traission between the two
detector halves. Thus, a pad plane consisting of a Kaptdrofoboth sides coated with
a pad structure from chromium and aluminum, was develoged. daporized in two
steps: initially with 20 nm chromium to obtain a strong acdimee and afterwards with
200 nm aluminum which is the smallest thickness that stitlved to etch the structure.
The contacts can be realized with small screws with two naotsath sides acting at the
same time as though-connections, or by gluing with silvexgghrough a small hole. The
expected absorption in the pad plane is reduced from 15% tfH2¥03] in comparison
to the previous electrode with the copper pad structure.diquraph of the rst pad plane
constructed in this way is shown in Fig. 6.34.

The performance of single cell prototypes shall be inves#id in a test-beam time
in 2009. A main goal of this in-beam test is to measure thetjposiesolution inx- and
y-direction and the rate dependence of the position resoldidir these larger pads, which
might be in uenced by more multiple hits. Results of simidats and of the test-beam
data shall be investigated in Reference [Ber10].

Currently, this TRD technology is a promising option for iBM TRD applicable
at the highest particle rates which are expected in the ceftihe detector. Since the
construction of TRD layers with this technology is very dbaaging and expensive, one
solution is a hybrid TRD with the MB-TRD in the inner and a memaple MWPC-based
TRD (e.g. a single gas volume and a standard PCB pad readathig outer part of the
CBM acceptance.
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Figure 6.35:Top view of the rst TRD station consisting of three layersoposal from Reference [Sim08].

In the case of a successful performance of these prototyygeddsign of the inner
part of the TRD (1 6 polar angle) can be constructed as seen in Fig. 6.35 and in
Fig. 6.36 [SiImO08]. Fig. 6.35 shows the top view of one TRDistatonsisting of three
detector layers. The single cells are staggered in ordeirionize the shadowing of the
following layers. In Fig. 6.36 the rst TRD layer is shown irréam direction. This design
is a proposal for the inner part of the rst station of the TR&ing the new detector layout
and considering the simplest and most ef cient construrctithe layer is composed of the
real-size prototypes described above, and the ratio ofdtinedo the total area is 76%.
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Figure 6.36:View in z-direction of the inner part of the rst TRD layer. Proposadin Reference [Sim08].






7. Dielectron Reconstruction in CBM
by Using the MB-TRD Geometry

In this chapter studies on dielectron reconstruction in Cadvhg the MB-TRD geom-
etry as described in Chapter 6.5.2 are shown. A brief sur¥eynaulations on dilepton
spectroscopy in CBM has been given in Chapter 4.4. In ordezdonstruct photons via
conversions int@* e pairs, in the following analysis the lowest invariant-masgion
(< 100 MeV£E?) of dielectrons has been investigated, where the mainibotion is due
to g-conversions an@®-Dalitz decays. For this purpose the CBM simulation framéwo
CbmRoot [Cbm09b] has been used. It provides the possibiliperform feasibility stud-
ies for physics measurements and further optimizationetiétector layout.

7.1 The CbmRoot Simulation Framework

The CbmRoot framework is based on the ROOT system develdp@&RN and com-
monly used for analyses in high-energy physics [Bru97]. bmRoot particle genera-
tion and detector simulation can be carried out within th@esdramework. A Virtual
Monte Carlo concept allows to perform simulations usindedént transport codes such
as GEANT3, GEANT4, or Fluka without changing the user codethis concept, the
same framework is used for simulation and data analysi®liets base classes which
enable the user to set up the detector layout, magnetic eldgnand analysis tasks in a
simple way.

As standard event generator the UrQMD (Ultra-relativiQigantum Molecular Dy-
namics, version 1.3) [Bas98] code is used in ComRoot. TheMIP@nodel is a micro-
scopic model that is utilized to simulate ultra-relatiidgteavy-ion collisions in the energy
range from Bevalac and SIS (LAGeV) upto AGS (2 15AGeV), SPS (40 200AGeV),
and RHIC P SuN = 200AGeV). ltis designed as a multi-purpose tool for studying dewvi
variety of heavy-ion reaction mechanisms. These vary froufti-fragmentation(when
the nuclei break up into many intermediate-mass fragmemd)collective ow, to par-
ticle production and correlations. Since this code doesimmtide rare probes such as
vector mesons and charmed hadrons, the results of diffemedels are embedded into
UrQMD events: for the dilepton simulation the PLUTO [Fr60vibdel is used as ther-
mal source and multiplicities are taken from HSD (Hadronr§t Dynamics) [Ehe96].

147
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Type Key parameter Con guration le
Target 250 um gold, non-segmented target | target.geo
STS 8 stations sts-standard.geo
MVD 2 stations mvd-standard.geo
Magnetic eld | Field center position: 0cm, 0 cm, 50 cmFieldActive
eld at origin: By = 0:007735kG, Map sym3
By= 5:573kG,B,= 0:1368kG
RICH Radiator: N, mirror: 3mm glass, rich-standard.geo
450 cm radial curvature
TRD 12 layers, 12 mm gas volume each trd-standard-MB.geo
TOF RPC arrays, tof-standard.geo
10 m downstream of the target

Table 7.1:CBM setup used for the analysis described in this thesis.

HSD multiplicities are also used for charm production pluByhia [Sjo06] decayer.
Unless otherwise speci ed a data set of 20,000 pure UrQMDevEentral Au+Au col-
lisions at 25AGeV beam energy) is being used in the analyses presentedlhéte
following studies the particles are propagated throughQB® detector model using the
transport code GEANT3. Simulated events are reconstrucsety different track and
ring-reconstruction routines as well as vertex- ndingaithms.

The charged-particle identi cation is carried out by usRCH, TRD, and TOF in-
formation which is combined for the single tracks. The d&tecesponses are imple-
mented as realistically as possible, e.g. obtained fronmsoreanents with prototypes in
test beams. The resolution and granularity of the detectsstill implemented very
roughly since the detailed structures and the supportingmaaare not yet de ned. In
Table 7.1 the CBM detector con guration is presented thahiployed as from now.

7.2 Track and Vertex Reconstruction

The CBM detector is able to track charged particles whichesinétited at polar angles
g between 2.5 and 25 degrees with respect to the beam axisgé&bmetrical accep-
tance corresponds to a pseudorapidity windoWbf= 2:31 (h between 3.82 and 1.51).
The patrticle tracks are reconstructed in the Silicon Tragkystem (STS), which con-
sists of 8 silicon-strip stations in the standard STS gepmetplemented in ComRoot.
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Figure 7.1: a) Track-reconstruction ef ciency for tracks originatifigm the primary vertex and b) mo-
mentum resolution in the STS.

The ef ciency of the track reconstruction and the moment@sotution are shown in
Fig. 7.1a) and b), respectively. The tracking ef ciency lné¢{STS increases with the mo-
mentum of the charged particle and is almost constant for embariarger than 1.5 Gewl/
for p> 1GeVk on average 95%. The momentum resolution is very good with values
clearly better than :5% for particle momenta between 1 and 7 Ge\@wing to the
condition that a track has to contain at least four hits indigit STS stations, the mo-
mentum resolution worsens below 1 GeVas particles with very low momenta see less
stations before leaving the acceptance. In addition, aideaéon towards lower momenta
is caused by small-angle scattering. After reconstruaifdhe primary vertex STS tracks
are extrapolated through the TRD stations and matchedganihe TOF detector. These
so-called global tracks are reconstructed with an ef cieatt86%.

7.3 Electron Identi cation

The identi cation of electrons and positrons is based ommnstructed tracks in the STS
and the TRD, ring recognition in the RICH, ring—track mataiand a statistical analysis
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Figure 7.2: Reconstructed ring radius as function of momentum for 50QMD events from central
Au+Au collisions at 25AGeV beam energy.

of the energy loss signal in the TRD. In addition, the TOF meament supports the pion
rejection at low momenta and completely suppresses pratotigaons.

7.3.1 Electron Identi cation in the RICH

The RICH ring-recognition algorithm is based on a Hough $farm [Bal82] ring nder,
and the information obtained by propagating tracks fromSA& is added afterwards.
Since the rings in the photo-detector plane have a slightptie shape, an ellipse tting
method is used in order to achieve a precise determinatitreafng parameters and thus
a good ring—track matching [Leb07, Leb08]. These rings acemstructed with a radius
resolution better than 3%. They can be assigned to globekgravith an ef ciency of
95%.

Fig. 7.2 shows the distribution of the reconstructed ringjiras a function of the
particle momentum. By applying a cut on the ring radius, tetets and pions can be
well separated up to momenta of 10 GeVlhe red line shows a 3s range around the
mean radius of electrons. Tracks with ring radii exceedmg tange are not considered
as electrons.

As will be shown later the ring nder works with a good ef cien of about 90%.
However, a considerable numbeifakerings occurs during the ring- nding process. Fake
rings are reconstructed rings consisting of accidentalipluined hits that are not caused
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by the same particle, e.g. by utilizing hits from neighbgrimgs. It is also possible to
obtainfalseelectrons from true electron rings, which are subsequemtltyghed to a wrong
hadron track.

Due to the material in front of the RICH, approximately 108gs are produced in a
central (impact parametér= 0) Au+Au collision at 25AGeV beam energy, but only a
small fraction of those electrons (about 1@0%) originates from the collision (primary
electrons). The other rings belong to secondary electtaraidition, the track density is
very high (about 600 charged-particle tracks in the RICHeptance). This increases the
probability of matching hadron tracks to secondary electnogs.

In order to reject fake and false rings a method based on aciarheural network
(ANN) algorithm and several cuts, which are presented irfdhewing, on a set of ring
parameters are used without strongly affecting the rinding ef ciency. In one event,
the number of primary electrons (with more than 6 STS hiteyages 22. The integrated
ring- nding ef ciency for primary electrons is 93.6% withraaverage number of fake
rings of 4.0 per event. After applying the fake-rejectiontioe, the number of fake rings
was reduced to 0.29 per event at an ef ciency of 90.9% [LebB8} these ef ciencies
the matching of rings to global tracks is not yet included.

Since the highest track densities and thus fake-ring rategoaated in the central
region of the photo-detector plane, a radial cut at a digtaxicl30 cm from the beam
axis is applied. The electron acceptance of the RICH is mohgty affected by this cut
for electron momenta of up to 10 Ga¥//The cut causes a reduction of the acceptance
only by 5% at 1 GeW and by 10% at 10 Ge¢/ A cut on the distance between the ring
center and the closest track projection is also used bedhase values are higher for
fake combinations. Since the radius resolution decreasesds lower momenta, this cut
position depends on the momentum. A further cut is appliethéonumber of hits in a
ring since the distribution for true rings has a Gaussiampstand fake rings normally
consist of fewer hits. The cut allows for any number of hitshwi a 3 range around
the mean. In addition, high-momentum pions producing recags be rejected by this cut
since the number of hits on a ring is small for them as well. mmary of the cuts which
were chosen for the studies described in this thesis is siowWable 7.2. The resulting
ef ciency and pion suppression factor of the RICH as functmf the momentum are
displayed as circles on page 155: Fig. 7.4 a) and b).

7.3.2 Electron Identi cation in the TRD

There are several options that need to be taken into accouelsctron identi cation by
the TRD. If the momentum of the track is smaller than a spetvalue (in this analysis
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Cut for electron identi cation in the RICH Cut position

Ring—track distance < 2cmforp< 0:5GeVk
<(§ % pcm

for0.5GeVE p< 2.0GeVk
<lcmforp 2:0GeVkt
Radial distance in photo-detector plane | > 130cm

Number of hits on a ring 238 51
Ring radius (5:96 3 0:2)cm
Ring selection (ANN) > 04

Table 7.2: Applied electron identi cation cuts in the RICH which areadkin this analysis.

1.5GeVE), the identi cation by the TRD is ignored and the identi can is carried out
by using only the RICH and TOF information. If the track doesmave an assigned TRD
track, it is not identi ed by the TRD. Nevertheless, in thisadysis it is checked whether
this track has been identi ed by RICH as an electron and # the track is used for further
analysis. After making these decisions the actual ideatian by the TRD is performed.
The tracks from TRD are assigned with values from severaltidation algorithms as
described in the following section. Depending on the selaadf the method used and
the cut values for that method, a track is identi ed as antebecor not. For de ning
reasonable cuts it is necessary to calculate the electrderedy. The electron ef ciency
and the corresponding pion ef ciency are also de ned anctulsed in the following
section.

PID Methods for TRD

Three different algorithms for electron/pion separatiavénbeen developed and imple-
mented in CbmRoot. The rst one is based olikalihood method using the normalized
energy-loss spectra of electrons and pions as obtaineddmnmumlations which describe

the test-beam data from TRD prototypes (see Chapter 6.5).

The second method, callemh, is also a probabilistic approach (as described in Ref-
erence [Aki08]). It requires only the parameters of the dwant distribution (in our case,
the distribution of pion energy loss), and it provides resgbmparable to the method
described in the following.

The third method uses an arti cial neural network (ANN) whiwas trained with
pure electron and pion signals from a simulation with a deeddox generator: the par-
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ticles are created at the target with a uniform distributromomentum(0 GeV=c < p <
10Ge\=c). In this analysis, a momentum above 0.5 GeM/required in the rst TRD
layer. Fig. 7.3 shows the ANN output values for electrons piwhs and 12 layers of
TRD integrated over all momenta. The output signals of theares are a measure of the
probability for electrons and pions to be identi ed as elent At the stage of network
training, the output for a pion event was set td, and for an electron event tol. Since
linear output neurons were used, this may also lead to eeluljer thant 1 or smaller
than 1 when the probability to be one species is very high. Thaoadtine in Fig. 7.3
indicates the applied cut to obtain an electron ef ciencp0%.

In the following analyses the ANN method is chosen and the aré tuned to provide
an electron ef ciency of 90%. Fig. 7.4 shows the electrorcegncy and the corresponding
pion ef ciency in an analysis of 10,000 UrQMD events from trahAu+Au collisions at
25AGeV beam energy. The pion ef ciency is the fraction of piohattis misidenti ed
as electrons at a given electron ef ciency. Since in thislgsia the TRD electron PID
is used only for momenta above 1.5 GeMhe ef ciency and thus the pion suppression
factor are identical up to 1.5 Gew/for the options "RICH' and "RICHTRD'. In these
momentum regions the ef ciency and the pion suppressiotofaare determined by the
conditions in the RICH and the TOF.
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7.3.3 Electron Identi cation in the TOF

The TOF measurement in this analysis is used for a momenapeartient cut on the
reconstructed mass squanéy;

forp< 1GeV=c: < 0:01(GeV=c?)?
forp 1GeV=c: nf< 0:01(GeV=c’)?+ 0:09 [p 1GeV=]](GeV=c®):

It is seen in Fig. 7.4 that the TOF enhances electron/pioaragipn for momenta of up
to 1 GeVk. In addition, it provides rejection of all kaons and protevisich can falsely
be matched to electron rings. Nevertheless, the pion sspipreperformance gets worse
towards higher momenta; at momenta above 1.5 G&@F has no noticeable in uence
on the pion suppression anymore. Here, it is entirely datexchby the cuts in the RICH
and TRD.

7.4 Feasibility Study of Measuring Direct Photons via
Conversion intoe" e Pairs

At FAIR energies direct photons are expected to originat@iy&rom thermal production
in the medium and therefore probe the temperature of theume@iee Chapter 2.2). Since
pair conversion is the dominant process of photon inteyastin the detector material at
energies much larger than 1 MeV (see also page 62: Fig. Bi9)nechanism can be used
to detect direct photons from heavy-ion collisions. Thesileidity of measuring direct
photons via conversions has been studied in the followimgusil event simulation and
reconstruction within ComRoot.

7.4.1 Photon Measurement in CBM

In CBM, an electromagnetic calorimeter (ECAL) is desigddteprovide photon identi -
cation. The ECAL consists of materials with high nucleargkao maximize the conver-
sion probability. In the material, the photons convert iatectrons and positrons, which
produce new photons in subsequentinteractions mainlyremmsstrahlung. Thus, an elec-
tromagnetic shower is produced in the detector. The ECAénidéd for CBM consists of
alternating layers of lead and scintillator plates [BriOlf] the scintillator material the
shower particles can be detected by excitation and subseguession of photons with
larger wavelengths close to or within the visible spectrlitve resulting low-energy pho-
tons are detected using photo-multipliers, and the medsunergy allows a determination
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Figure 7.4: a) Electron ef ciency and b) pion ef ciency versus momenteither using only RICH (black
circles), or RICH and TRD (blue crosses), or the combinedHRITRD, and TOF information (only red
error bars). Here, 10,000 UrQMD events from central Au+Allisions at 25AGeV beam energy are ana-
lyzed.
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Figure 7.5:a) Energy resolution of photon reconstructed with the ECKhd08], b) momentum resolution
of the charged-patrticle tracking with standard STS layout.

of the full energy of the shower and thus the original phoidre energy resolution of an
ECAL module consisting of 160 layers (Pb 0.7 mm + Sci 1.0 mng) leeen determined
by a simulation of single primary photons. The results amwhin Reference [Kha08],
and the energy resolution of the photon reconstructionasvehn Fig. 7.5 a).

Photon measurement with an electromagnetic calorimegefigct to systematic un-
certainties, which are large compared to the direct-photworiribution to the inclusive
photon spectra, in particular for CBM where all other dedextare placed in front of the
ECAL, and their material budget causes an additional backgt. Thus, an additional
measurement with a different method provides a useful chésistematic uncertainties.

In order to increase the precision, a complementary measimeof dielectrons from
photon conversions can be used to determine the ratio aftditeotons to decay pho-
tons. This method is very auspicious especially at low mdmbacause of the good mo-
mentum resolution of the electron tracking with the STS inMC&ee Fig. 7.5b). Using
momentum conservation, the photon properties can be reooted from the momenta
of the electron and positron because the momentum trarsteetnucleus is negligible.
With the assumption of an identical momentum resolutigmefalectron and the positron,
the momentum resolution of the photon can be estimated®ttimes the momentum res-
olution for electrons in Fig. 7.5b). This resolution isIstiluch better than the expected
resolution of the photon measurement with the ECAL as shovig. 7.5 a).
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In comparison to the ECAL measurement this method has fuativeantages: besides
the good momentum resolution with the dielectron tracktrdpes not suffer much from
misidenti ed charged and neutral hadron background. Thedbciency of the photon-
conversion method caused by the low conversion probalilipartially compensated by
the high event rate in CBM.

7.4.2 Reconstruction of Photon Conversions

When traversing material, photons can convert in the edlawgnetic eld of a nucleus
or the atomic shell into pairs of electrons and positrongseitwo daughter particles can
be measured using the charged-particle tracking (STS am¥) &Rd electron identi ca-
tion detectors (RICH, TRD, and TOF). They can subsequemrtlyded to reconstruct the
photon from which they originated.

The photon measurement via conversion poses a speciatichalbecause the CBM
experimental setup will be designed to create as little emions as possible in order to
optimize e.g. the measurement of low-mass vector mesornslg@ons, where the domi-
nant background sources are random combinatioas ahde” from photon conversions
(see Chapter 4.4). Thus, the current dielectron studiessing a thin target of 250 um
(1% hadronic interaction length), which can be further segied into individual 50 pm
disks, and as little material as possible between the targkthe rst tracking stations of
the STS.

The photon conversions in the target are the measured @liderf this analysis and
at the same time a background in measurements of obsenidgas w, f, and Jy.
Later conversions in the detector material are objectitnialall measurements and have
to be reduced in order to avoid a large background of elestaoral positrons. Concern-
ing conversions in the target, the photon measurement &spiarto the other dielectron
measurements. Thus, for the photon measurement eithdrithtatget has to be accepted
which decreases the statistical accuracy, or one has tadesras extra run with a thicker
target or with a dedicated converter especially for the phaheasurement via conver-
sions.

In the CBM setup, a fraction of the produced photons is camginside the target.
For the feasibility study of measuring photons via con@rsia non-segmented gold
target of 250 um thickness is used in the simulation. Usimgge@2: Eq. 3.15 the radiation
length of gold Z = 79, f(79) = 0:3129,A= 197gmol 1) is

1

% 0:1547cnfg (7.1)



158 Chapter 7: Dielectron Reconstruction in CBM by Using the MIBD Geometry

Figure 7.6: Distribution of conversion MC vertices associated withamstructed tracks in theyzspace
from 20,000 UrQMD events from central Au+Au collisions at/&5eV beam energy.

With a density ofr =19.32 g/cm the resulting radiation length of gold in cm has a
value of

Xo(gold) = 0:334cm (7.2)

A good approximation for the mean conversion probabilitypbbtons in the gold
target can be calculated using Eq. 3.19, the intensityivel&b |y after traversing in the
average; 250 um gold is:

7
9

I=lp= e % = 97:13% (7.3)

Thus, the expected conversion probability for photonségbld target is about 2%.

As seen in Fig. 7.6 the distribution of photon-conversiomisin space re ects the
distribution of material within the experimental setup wthe locations of the target and
the tracking stations are clearly visible. Most of the casi@ns occur within the target
(86%). Further conversions occur in the material of the S@8ams. Conversions which
occur behind the STS are not reconstructed.

In order to measure photons converting igfce pairs, charged-particle tracking
detectors can measure the momenta of the two conversiomtiasgfrom which the mo-
mentum of the photon can be reconstructed. In CBM the ST&tdddn a dipole magnet,
provides the track reconstruction and momentum determimads described in detail in
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Chapter 7.3, electrons are identi ed in conjunction with BECR, TRD, and TOF mea-
surement. In the event reconstruction particles are estked, and PID information from
RICH, TRD, and TOF is then associated with these tracks tm ®global track. In or-
der to investigate the in uence of different cuts on the mmoteconstruction, the analysis
was initially performed using perfect electron PID. Thisang that the identi cation of
electrons and positrons was done using the MC informatiouathe particle type. The
in uence of the real detectors' electron PID on the photororestruction is subsequently
investigated.

Vertex Reconstruction

For the reconstruction of the simulated tracks, differestk- nding algorithms are cur-
rently implemented in CbmRoot. In this analysis, the ST8kKsaare reconstructed with
the so-called L1 track nderGbmL1StsTrackFinder ) [CbmO09b], and then the particle
trajectories (including momentum and charge of the pa&jiate tted based on the STS
hits. At this stage of reconstruction the primary vertex @ yet known but the target
position provides an estimate of the event vertex. The titzeokd nal momentum calcu-
lation is performed using an algorithm based on a Kalmarr (@mStsTrackFitter )
[Kis08a]. The algorithm uses the information from tracksirid in the STS. The TRD
tracks are also found and tted in a track-following approagsing STS tracks as
seeds and a Kalman- Iter metho@mL1TrdTrackFinderSts , ComTrdTrackFitterKF )
[CbmO9Db].

A package for the reconstruction of decayed particles basethe Kalman- Iter
method has been developed for CBM [Gor07]. For the recocistru of the parame-
ters and associated covariance matrices of the mothecleara set of daughter-track
estimates and their covariance matrices are used. Sincedbestructed mother particle
contains all necessary information — at the point of its gatien as well as at the point
of its decay — this method is suitable for the complete reitanson of decayed particles
as well as for the reconstruction of their vertices with ehtagcuracy and reliability.

The x-, y- and z-position of the reconstructed dielectron vertices ar@ldiged in
Fig. 7.7. Here, only reconstructei e pairs with the same mothers are plotted. The
green line shows ali* e pairs, the red line shows the fraction with photon mothets an
the blue line those originating fropf-Dalitz decays. It can be seen that most of the pho-
ton conversions (86%) occur inside the target. There tha owitamination is caused by
e"e pairs frompP-Dalitz decays. There are also photon conversions in thenaabf
the STS stations far away from the target which are more dif to track because of the
STS geometry and acceptance. TheSeande tracks are not seen by all stations and
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c)

Figure 7.7: x-, y-, andz-position of reconstructed vertices of alle pairs (green) and the contribution
originating from photon conversions (red, solid line) afeDalitz decays (blue, dashed line). Here, 20,000
UrQMD events from central Au+Au collisions at 285eV beam energy are analyzed.
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thus the momentum and vertex determination has a large tairagr In addition, the STS
track nder uses a vertex constraint to the target which emereases the uncertainty. On
the other hand, there are hardly gify¢Dalitz decays at these positions farther from the
target. This leads to a high purity of the photon signal. o®nstruction of these photon
conversions may be investigated in a different analysithérstudy described here, solely
photon conversions in the target are used by applying a cth@meconstructed vertex
position.

Invariant Mass of e"e Pairs

In general, mother particles can be reconstructed withnveriant-mass method by mea-
suring the momentg@; and the energiel; of the daughter particles. The invariant mass
of the mother particl& is given by:

MZct = p&c? = pc = E; T (7.4)

The invariant mass of the e pairs from a photon conversion is close to zero due to the
rest mass of a photon being zero and the small momentum ératasthe nucleus. The
other contribution to the invariant-mass spectruneoé pairs originates mainly from
pO-Dalitz decays° ! e"e @) with values up to the rest mass of th& Even larger
invariant masses like e.g. those frawDalitz decaysli! €'e @) are negligible in this
photon analysis. In Fig. 7.8, the invariant mass is showtrtm reconstructed” e pairs
having the same mother, in the following called true pairs.s@en, the measurement of
the invariant mass helps to separate betweem pairs from photon conversions and
other dielectrons from hadron decays.

Opening Angle ofe" e Pairs

The opening anglé of €" e pairs is another interesting variable which is related & th
invariant mass by:

MZc*= 2(mg+ E1E;  prpocosd): (7.5)

Since photons do not have a mass which can contribute to theirgp of the pair
(and the contribution from the nucleus is small), the etectind positron from a photon
conversion propagate almost in the same direction as tlempphoton did. Hence, the
opening angldl is expected to be close to zero f&re pairs from photon conversions
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Figure 7.8: Invariant mass of ale* e pairs (green) and the contribution originating from photam-
versions (red) ang®-Dalitz decays (blue), using the MC information on PID andmmemtum from the
reconstructed tracks. Here, 20,000 UrQMD events from ee€Atr+Au collisions at 2GeV beam energy
are analyzed.

whereas a broader distribution is expecteddbe pairs fromp®-Dalitz decays. This
is illustrated in Fig. 7.9. Here, the distribution of the @astructed opening angles is
compared to the contribution from photon conversionspthBalitz decays.

The measurement of the opening angle can be used to incteaSeR (signal-to-
background) ratio of the photon measurement. The rati& ef pairs originating from
photons to those from?-Dalitz decays increases towards smaller opening angleishw
can be seen in thg and p®-mother contributions in Fig. 7.10a). The goal is to nd
an optimal cut for obtaining the largegtp®-Dalitz ratio and keeping as many photons
as possible at the same time. In Fig. 7.10b), the integratattibutions are displayed
as a function of the opening angle cut. When calculating tfierdnce between photon
and p®-mother contributions a local maximum exists at an openimgjeacut of about
1.5, which corresponds to the intersection in Fig. 7.10a). kdhalysis a somewhat
tighter opening angle cut of is applied to remove a larger fraction of fakee pairs as
described later.

For increasing the=p®-Dalitz ratio, it can also be useful to apply an even tighter
opening-angle cut at higher transverse momenta. In Fid, thé opening angle is shown
as a function ooy for the reconstructed” e pairs originating from photon conversions
and frompP-Dalitz decays. The solid lines in Fig. 7.11a) and b) showatpelied cut on
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Figure 7.9: Opening angle of all reconstructetie pairs (green) and the contribution originating from
photon conversions (red) apd-Dalitz decays (blue). Here, 20,000 UrQMD events from canu+Au
collisions at 25AGeV beam energy are analyzed.
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Figure 7.10:a) Fraction ofg andp® mothers in all reconstructest e pairs as function of opening angle
and b) integrated fraction @fandp® mothers in all reconstructesi e pairs as function of the maximum
opening angle cut.
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Figure 7.11:Opening angle of reconstructetle pairs as function opr for the contribution originating a)
from photon conversions and b) frgpR-Dalitz decays. Here, 20,000 UrQMD events from central Au+A
collisions at 25AGeV beam energy are analyzed.

the opening angle at 1and the dashed lines are drawn to indicate the region where t
photons are concentrated. In order to investigate a reakopadependent cut, especially
at higherpt, much more statistics would be required. In the analysiOgd@ UrQMD
events, which is shown here, a cut like this is expected te lzalarger effect apr >

1 GeVL, but the statistics is not suf cient to derive a cut and sttiuy effect even below
1 GeVk. Nevertheless, this cut has to be considered in the analf/seal data from the
experiment.

In order to nd the optimal analysis cuts in the previous @st trues" e pairs from
the same mother are exclusively shown while ignoring thelioatorial background. In
the analysis of real data also fafee pairs are reconstructed. Theseafe pairs orig-
inating from different mothers misidenti ed as an assosibtielectron pair. The green
line in Fig. 7.12 a) shows the opening angle of all reconstdie’ e pairs. Besides the
peak at small opening angles of trefee  pairs a large combinatorial background of fake
et e pairs can be seen. A large fraction of this combinatoriakgemund can be removed
by limiting the opening angle td = 1 (see the close-up view in Fig. 7.12 b)).

The application of the cut on the opening angle already restive majority of fake
e" e pairs. The additional cut on the invariant mass further anbs theFp®-Dalitz ratio
and the fakes" e -pair rejection (see Fig. 7.13).
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a) b)

Opening angle ¢ (°) Opening angle * (°)

Figure 7.12:a) Opening angle of all reconstructetle pairs with full combinatorics (green line) and for
the contribution from photon conversions (red) afeDalitz decays (blue). In b), a close-up view with the

opening angle cut is shown. Here, 20,000 UrQMD events fromrabAu+Au collisions at 28GeV beam
energy are analyzed.
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Figure 7.13: Invariant-mass distribution for all reconstructe’de pairs (green) with full combinatorics
and for the contribution from photon conversions (red) pfDalitz decays (blue) a) without and b) with
the application of the cut on the opening angle. In c), a clgseiew with the invariant-mass cut is shown.
Here, 20,000 UrQMD events from central Au+Au collisions 88%eV beam energy are analyzed.
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Figure 7.14: pr distribution of all reconstructed” e pairs (black) and for the contribution from photon
conversions (red) anp®-Dalitz decays (blue) a) before and b) after application etiaon the opening
angle and the invariant mass. Here, 20,000 UrQMD events frentral Au+Au collisions at 2BGeV
beam energy are analyzed.

In Fig. 7.14, the transverse-momentupy) distribution of the reconstructeef e
pairs is shown before and after application of the cuts og®®ing angle and the invari-
ant mass. In total, thg=p®-Dallitz ratio increases from 4.2 to 7.7. The fraction of pet
to all (true and fake) reconstructetie pairs increases from:3% to 813%. This is the
purity of the reconstructed photon signal.

Inclusive Photon Spectrum

Using thepr distribution of the reconstructesl e pairs after application of the quality
cuts for the contribution from photons, a raw inclusive gmospectrum can be deter-
mined. It shows theor distribution of all photons reconstructed via conversionghe
target. In Fig. 7.15, the inclusive photon spectrum is sholdre black points represent
all direct photons and photons from decays reconstructed @entral Au+Au collisions
at 25AGeV beam energy normalized to the number of events and tprthé width.
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Figure 7.15: Inclusive photons reconstructed via conversions from @D,0rQMD events from central
Au+Au collisions at 25AGeV beam energy.

Momentum Resolution of Reconstructed Photons

The momentum resolution of the reconstructed photons is/shio Fig. 7.16. For the
determination of the momentum resolution, a pure data seffgphotons, which are uni-
formly distributed inpt(0GeV=c < pr < 3GeV=), F(0 < F < 360), andq(2:5 <
g< 25), is used. It can be seen that, especially at low momenta (85®VL), a very
good resolution ok 2:5% is obtained, which is considerably better than the exgobtio-
mentum resolution in a photon measurement with the ECALK{a®/a in Chapter 7.4.1).
This is mainly due to the good momentum resolution of the gdaduparticle tracking.

The uniform distribution of the simulated photonsgrns justi ed since there is no
strong theta dependence of the momentum resolution asrs&émn i7.17. Here, the reso-
lution is shown for three data sets of B® photons each, which are uniformly distributed
in differentq regions. A slightimprovement of the momentum resolutiomloa observed
for the highest polar angles, which are reached only by ptsowith momenta below
8 GeVk.
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Figure 7.16: Momentum resolution of photons reconstructed via congessiA at distribution with a
resolution of< 2:5% for p< 8 GeVk is obtained.
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Figure 7.17: Momentum resolution of photons reconstructed via congessfor photons, which are uni-

formly distributed in different) regions. The dots label a data set of photonswith 2 q< 10 .

In order

to improve the visibility, the stall0 < gq< 17:5 ) are shifted in momentum by 0.2 Gelyand the squares

(17:5 < g< 25) are shifted by 0.4 Ge¢/in comparison to the rst data set.
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Figure 7.18: Reconstructed photons and purity of the signal from 20,08QNID events (central Au+Au
collisions at 25AGeV beam energy) as function pf using a)ideal electron PI1D b) real electron PID and
c¢) no electron PID

Applied electron PID De nition

Ideal electron PID | Electron identi cation using the MC informatio
Real electron PID | Two out of three detectors (RICH, TRD, and TOF)
send positive electron decision

No electron PID All charged-particle tracks

Table 7.3:De nition of different options for the electron PID conditis.

Reconstruction Ef ciency of Photons via Conversions

The ef ciency of the photon reconstruction as well as thdtgwf the reconstructed pho-
ton spectrum using the conversion method depend on thetcmmlapplied in the elec-
tron identi cation. Fig. 7.18 shows a comparison of the mestouctedpr-spectra using a)
ideal electron PID b) real electron PIDand c)no electron PID Here,ideal electron PID
means that the electrons and positrons are identi ed usiag\MC information andeal
electron PIDmeans that two out of three detectors (RICH, TRD, and TOFg hasend
a positive electron decision. In the casenofelectron PlDall charged-particle tracks are
used. These de nitions can also be found in Table 7.3.

The reconstruction ef ciency of photon conversions can bednined by dividing
the number of reconstructed photons by the number of phatdhe MC input spectrum
which are in they acceptance of the CBM detector. For the determination sightiency
a pure data set of £photons is used. The simulated photons are uniformly isteid
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Figure 7.19: Identi cation probability for photon conversions as fuiwet of pr using a)ideal electron
PID, b) real electron PIQ and c)no electron PID The acceptance window for the photon input spectrum
is(25 < q< 25).

in pr(0GeV=c< pr< 3GeV=),F(0 < F < 360),andq(2:5 < g< 25). Due to the
constantpy-spectrum the ef ciency can be determined in pf regions with suf cient
statistical accuracy. In Fig. 7.19, the corresponding @haeconstruction ef ciency is
shown for the different conditions with &eal electron PID b) real electron PIQ and c)
no electron PID

The photon ef ciency decreases towards lowsr because of the larger curvature
for low pr electrons and positrons in the magnetic eld and thus thellsmelectron
and positron acceptance (note that the acceptance windowlysa condition for the
photons and not for the daughter particles). The kink inghalependent ef ciency at
pr = 1 GeVckis an artifact due to the chosen track- nding conditionsited! to the vertex
positions of the tracks. In the casereél electron PIDthis effect is smeared because of the
lower acceptance and ef ciency. The difference to the teBoal conversion probability
of photons in the gold target of 2% (see Chapter 3.3) is re ected in the sum of losses
caused by the electron and positron acceptance and efgifemadhe analyses with the
different PID conditions.

In the case ofeal electron PID(Fig. 7.18 b)) the purity of the photon signal is about
as good as foideal electron PID(Fig. 7.18 a)) whereas the ef ciency decreases strongly
(as seen in the comparison of Fig. 7.19 b) and a)) because eféhtron ef ciency of the
RICH, TRD, and TOF detectors (see Chapter 7.3). In the stense, the photon-signal
purity with real electron PIDconditions is even a little bit better than in an analysisigsi
ideal electron PID This is a consequence of the electron ef ciency of the RIGHich
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decreases strongly towards lower momenta (see Fig. 7v#ad)e theyto-p®-Dalitz ratio

is low. Thus, a larger number @ e pairs in a bad-puritypt region is removed when
usingreal electron PID Since photon-signal purity witleal electron PIDconditions is
even better than witideal electron PIDit is not necessary to use a stronger de nition
for real electron PID(e.g. a condition that all 3 detectors have to give a poséieetron
decision), which would further decrease the ef ciency.

Owing to the small ef ciency an additional comparison to aralgsis without any
electron PID is shown in Fig. 7.18 ¢). Here, all negative aositive charged particles are
combined. This causes a larger fraction of fake pairs, battduhe cuts on the common
vertex, the opening angle, and the invariant mass the pigratill adequate: in this case
the photon-signal purity decreases from@s to 697%.

The ef ciency withno electron PID(Fig. 7.19¢)) is as high as fadeal electron PID
(Fig. 7.19 a)) because when taking all charged tracks,uskfre pairs from photons are
certainly included. The photon ef ciency faeal electron PID(Fig. 7.19 b)) decreases
stronger at lowpt because of the electron ef ciency in the electron PID detexctin the
real experiment one can compromise on photon-signal pamityef ciency depending on
the amount of data that will be recorded. The option of anyamawithout any electron
PID information is an interesting alternative especiatly the measurement of neutral
pions described in Chapter 7.5.

7.5 Measurement of Neutral Pions

Due to the large number of potential photon sources and the faultiplicities in heavy-

ion collisions, direct-photon identi cation on an eveng-bvent basis is not feasible. In-
stead, they can be measured on a statistical basis. It ifojss compare the inclusive
photons on a statistical basis to the expectation from lmedecays, which is determined
based on the measurementpd$ in the same event sample. By using this method a large
fraction of systematic errors, e.g. at normalization antdredity selection, are eliminated.

The measurement of direct photons requires precise kngeleflthe contribution
from decays (mainlp® h ! gg to the inclusive photon spectrum. Owing to their larger
massh-mesons are produced less frequently than neutral pioreldition, the branch-
ing ratio ofh | ggis smaller (only 38% in comparison to 98% in case of the?°
[Yao06]). Hence, this signal reconstructed by photon cmsigas is very small and is not
investigated in this analysis.
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A useful quantity is the double ratio of the yield of photores p° for the measured
spectra and the simulation:

N9=N poj meas,

Y Jmeas, (7.6)
NI=NP°jpigd

An enhancement of photons compared to the expectation femlroh decays is attributed
to a direct-photon signal. Moreover, tipd measurement employing the same method
provides a good cross check for the method of photon measmtem

The identi cation probability of neutral pions using the gtbhn-conversion method
is very low because both decay photons have to convert, &foualoriginating lepton
tracks have to be reconstructed. With a theoretical corvergrobability of a photon in
the target of about:2% the production probability of four leptons fronp&is only about
8 10 % In Fig. 7.204a), the invariant-mass distribution of theorstructedp®s from
5,000 central Au+Au collisions is shown. Here, the peakaetion has been initially
done using the MC information of the photon mothers.

In order to increase thaP-signal especially at highr a data set is simulated in which
1,000p% uniformly distributed inpr(0GeV=c < pr < 3GeV=c) is included into every
UrQMD event. By using this method the pion-reconstructibciency can be determined
for all interestingpr regions. The number of 1,000 embedq¥®s considerably exceeds
the overall multiplicity ofp®s in central Au+Au collisions at 28GeV beam energy, which
is about 300 per event within the detector acceptance. Hemvehve additional particles
do not cause any problems in the reconstruction as the nuohlsearged-particle tracks
does not strongly increase because of the small photorecsion probability. The total
number of reconstructgaPs increases by a factor of 22 (see Fig. 7.20b)).

For the purpose of a larger electron acceptance aplpa special “dilepton setup' of
the STS in conjunction with a reduced magnetic eld is alstead. The surface area of the
STS stations is increased by a factor of 1.5 and the magneltics reduced to 70%. The
corresponding invariant-mass distribution of recongrdp®s is presented in Fig. 7.20c).
The ratio of thep®-signals measured with the “dilepton setup' and the stahsetup is
shown in Fig. 7.21. In comparison to the standard setup®reconstruction ef ciency
is increased at lovpt due to the larger acceptance for low momentum electronsein th
larger STS stations. But the probability slightly decreaf® higherpr because of the
worse dielectron separation in the lower magnetic eld.

A further analysis is done with a thicker gold target to irmse the photon-conversion

probability. The theoretical conversion probability in @05um target is 3.8 times higher
than in the 250 um standard target. In the analysis the thtekget results in a 3.1 times
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a) b)

Figure 7.20: Invariant-mass distribution gs reconstructed via photon conversion from a) 5,000 UrQMD
events (central Au+Au collisions at 285eV beam energy) and b) of 5,000 UrQMD and additional 1,000
p%s per event, ¢) using the “dilepton setup' of the STS and, idues 500 um gold target.

higher pion-reconstruction probability. Neverthelessthe following analysis the stan-
dard STS geometry with nominal magnetic eld and a standatd target is used since it
is currently the most probable setup for the CBM experimedtalso used in many other
analyses.

7.5.1 Extraction of the p®-Signal

Thep®-signal can be determined by an invariant-mass analysisatbp pairs. Using the
reconstructed photons (see Chapter 7.4.2) the combinaiti@hggpairs is built (as seen
in Fig. 7.22).
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Figure 7.21:Ratio of the amount of reconstructpls using the “dilepton setup' to reconstrucp®d using
the standard setup of the STS as functioppf

Figure 7.22: Invariant mass of all reconstructggpairs, the blue line shows those with trp mothers
(obtained from the MC PID information). This analysis isfoemed only with truee" e pairs (no fake
pairs). Here, 20,000 UrQMD events from central Au+Au cidiiss at 25AGeV beam energy are analyzed.
In addition, 10Q°s, uniformly distributed irpr(0GeV=c< pr < 3Ge\=c), are embedded into every event.
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Considering all possible photon-photon combinationsdeada large combinatorial
background in addition to thg”-signal. This background increases quadratically with the
multiplicity N. The number of possible pair combinations is

N
Noair= = (N 1):
pair 2( )

The p° yield can be determined by subtracting the combinatoriakbeound. For the
determination ofiN,o=d pr distributions the invariant-mass spectra are investayéde
different intervals of the transverse momentum.

For the measured photon pairs the combinatorial backgroandbe reduced by using
the phase-space distribution of the photons ip’alecay. The probability for a decay
photon to carry a fractiow of the pion's energy is the same for all valuesxdietween
0 andb, whereb is the velocity of thep® in units ofc. For suf ciently large momenta
approaches 1. This is equivalent to the expectation thattimetrya of the two photon
energies, de ned by Equation 7.7, has a at distribution.

==

a=
Ei+ B>

(7.7)

For random combinations within one event the asymmetry isatoDue to the steeply
falling energy distribution of all detected particles frarheavy-ion collision, pair com-
binations containing one hit with lower energy are more plé. Hence, a measured
asymmetry distribution increases towards larger values.dh the measured data the
background from uncorrelated photon pairs can be reducechlasymmetry cut remov-
ing pairs with large values @. In this simulation this is not possible because of thepat
input spectrum of th@® which is necessary to calculate the ef ciency also at higher
However, in an analysis of real data this can be a helpfuMdith should be considered.

Determination of Combinatorial Background Using Mixed Events

The combinatorial background of combined particle prapstike the invariant mass of
a photon pair can be determined throwylent mixingHere, the result obtained by com-
bining particles within one event is compared to the resulphrticle combinations from

different events, which are by de nition not correlated tihis analysis the mixed-events
distribution is determined by combining one photon withaher photons of previous
events. The number of previous events used for the pair caatibns determines the sta-
tistical error of the combinatorial background; in this s a buffer of three previous
events is used for event mixing with the current event. Fig3 8hows the invariant-mass
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a) b)

A

Figure 7.23:Invariant mass of a) all reconstructggpairs in the same event and b) from mixed events. This
analysis is performed with fui* e combinatorics (true and fale2 e pairs). Here, 20,000 UrQMD events
from central Au+Au collisions at 28GeV beam energy are analyzed. In addition, 1,660 uniformly
distributed inpt(0GeV=c < pt < 3GeV=c), are embedded into every event.

distribution of all reconstructed photon pairs a) from theng event and b) from mixed
events.

Unlike in Fig. 7.22, where only true® e pairs having the same mother are consid-
ered, now real events with fui* e combinatorics (true and fakef e pairs) are used
for the photon reconstruction. The invariant-mass spettiall reconstructedgpairs is
illustrated in Fig. 7.23 a). The additional peak at smalblm&nt masses is due to residual
correlations, which are not seen in mixed events (see F2§.13)). This peak is caused by
fakee* e pairs, which are electrons and positrons originating frdffiexdnt mothers and
being misidenti ed as a dielectron pair and passing the @hatenti cation cuts. In spite
of the very ef cient Kalman- Iter method with all its condiins (e.g. a cut o0iX?), there
is always a fraction of fake pairs in the dielectron recamsion caused by electrons and
positrons, which are independently produced in close ificof each other.

Fig. 7.24 shows the invariant-mass distribution of the f&ke pairs after application
of the cut on the opening angle. It can be seen that thedfake pairs are predominantly
reconstructed at small invariant masses with a maximum atité®MeV/?. Thus, the
correlation peak also appears in the invariant-mass spaatthen combining all recon-
structedggpairs, which contain these fakée pairs. In the analysis, the number of fake
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Figure 7.24: Invariant-mass distribution for falef e pairs with the application of the cut on the opening
angle. Here, 20,000 UrQMD events from central Au+Au callis at 25AGeV beam energy are analyzed.

e"e pairs has been reduced by the cut on the invariant mass oétoastructed” e
pairs (the applied cut is shown in Fig. 7.13c)). With the ddod my,y-ere < 15 MeV/c?,
the peak in the invariant-mass spectrum of reconstrugpgedirs is suf ciently small and
does not disturb thp® analysis since it does not reach the mass regigaf ¢as seen in
Fig. 7.23 a)).

Before the mixed-event backgrouM{ pr; mn,) can be subtracted from the invariant-
mass distribution of real even pt; min,), it has to be scaled to consider the increased
number of pair combinations in the mixed events:

Mscaled PT: Minv) = £ M(pT; Miny): (7.8)

The scaling functionf can be determined by dividing the real and the mixed inv&rian
mass distributions (see Fig. 7.25).

Here, f is obtained by tting a constant function to the ratio in tlaage 140 Me\2<
mnv < 1GeVKE2. In Fig. 7.26, the resulting normalized background foratiéint pr is
shown together with the invariant-mass distribution freaalrevents.

After subtraction of the backgroundp®-peak can be extracted (see Fig. 7.27). The
sigma of a Gaussian t to thp®-peak has a value of about 6 M&¥/ The invariant-mass
distribution of the real events is integrated in the peakoredo obtain the raw? yield
in this pr range. For example, in ther region of 15 2 GeVk, 90pPs are reconstructed
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Figure 7.25: The ratio of the invariant-mass distributions @ pairs from real and mixed events for
different pt bins used to obtain the scaling functidn Here, 20,000 UrQMD events from central
Au+Au collisions at 25AGeV beam energy are analyzed. In addition, 1,680 uniformly distributed in
pr(0GeV=c< prt < 3GeV=c), are embedded into every event. Hereid®al electron PIDis applied.
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Figure 7.26:Invariant-mass distribution @fgpairs for real events (full circles) and normalized backop
(green line). Here, 20,000 UrQMD events from central Au+Allisions at 25AGeV beam energy are
analyzed. In addition, 1,0q9s, uniformly distributed inpr(0GeV=c < pr < 3Ge\kc), are embedded
into every event. Here, ddeal electron PIDis applied.
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from a total of 20,000 UrQMD events (central Au+Au collisfoat 25AGeV beam en-
ergy) each with 1,000 embeddpfs.

In addition, theS=B ratio is shown for the differenty regions. It ranges betweerb8s
and 364% for 1 Ge\Vc < py < 3GeV=c. ThisS=Bratio is very good, also in comparison
to the overallS=B ratio of 0:3% (for all momenta of central Au+Au collisions at 2&eV
beam energy) obtained with the ECAL measurement. Nevextbelhe measurétB ra-
tio strongly depends on the number of photons, which is inaed by the input spectrum,
the acceptance, and the photon ID cuts. Note thaBtBeatio is calculated for @° input
spectrum that has a uniform distribution pg(0 GeV=c < pr < 3GeV=c), which is not
realistic for a nucleus-nucleus collision, where the speotis usually exponential with a
typical inverse slope of about 185 MeV plus contributiomfrbydrodynamic expansion
(as measured in central Pb+Pb collisions atAG&V [Agg99]).

The ef ciency for reconstructing®s by using this method is shown in Fig. 7.28 a). It
is calculated by dividing the reconstructe®signal by thep®s from the MC input spec-
trum in the detectors' acceptance wind¢/5 < gq< 25; Dh= 2:3). The low overall
reconstruction ef ciency is a consequence of the photawomstruction ef ciency enter-
ing in quadrature. In addition, the ef ciency decreasesanlg lowerpt because of the
larger opening angle for photon pairs. This reduces the gawral acceptance. This ef-
ciency can be used to determine the statistics which willneeded for reconstructing
a reasonable®-spectrum. The ef ciency is multiplied with thg°-signal of an UrQMD
spectrum of central Au+Au collisions at 2&eV beam energy; the resulting spectrum is
presented in Fig. 7.28 b). This spectrum shows the averagdeof reconstructep’s
in one UrQMD event. E.g. one can deduce th&91108 UrQMD events lead to 106°s
at 2 GeVt (with a bin width doy of 160 MeVKk).

For an event rate of e.g. 250 kHz, the 10% most central evealsated by the PSD)
are recorded. Thus, 25kHz is the maximum data recordingfoatéu+Au collisions
without any trigger. With an expected data storage rate dft20in the experiment, it
would take 2 hours of data taking to obtaip%signal at 2 GeW (dpr = 160 MeVk) of
the same size as the one which can be seen in Fig. 7.27 b), edtkaking yield towards

larger pr.

ThepP-signal in thept range of 15 2 GeVk (see Fig. 7.27 b)) was determined with
a statistical error of 49%. In order to determine the statistical error of the nundder
measureg?s, the number of the measurgdpairs (N) is used together with the number
of correlated §) and the number of uncorrelatel)(ggpairs in the integration interval of
the real-events distribution. The distribution was algesldown in Fig. 7.26b).
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Figure 7.27: Invariant-mass distribution ajgpairs after background subtraction fidieal electron PID
Here, 20,000 UrQMD events from central Au+Au collisions &tA%BeV beam energy are analyzed. In
addition, 1,00@°s, uniformly distributed inpr(0GeV=c < pr < 3GeV=c), are embedded into every event.
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a) b)

Figure 7.28:a) p°-reconstruction ef ciency and b) the average number of nstictedp’s as function of
pr in one UrQMD event (central Au+Au events at26eV beam energy), both fadeal electron PID

The statistical error is approximated to [Bat02]:
s = P+ B+ sZK)M2+ K2M; (7.9)

whereS= N kM is the estimated number of correlated photons, B kM is the
estimated background of uncorrelated photons determipdagianvariant-mass distribu-
tion in the same integration interval. HeM,denotes the number of measuggpairs in
the integration interval of the invariant-mass distribatiandk is the scaling factor of the
background as shown in Fig. 7.25B)is the error with the assumption thdtandM are
Poisson-distributed. Far(k), the error of the constant t to the ratio of the invariantgsa
distributions ofggpairs from real and mixed events was taken.

One can estimate that the statistical error in ggerange of 15 2 GeVk can be
reduced from 4B% to< 6:6% when increasing the data taking time by a factor of 100
(200 hours).

The rawp? yield as well as the ef ciency of th@® reconstruction depend on the
electron PID conditions. For an analysis withal electron PID(two out of three detec-
tors — RICH, TRD, TOF — have to send a positive electron de)shep®-peak extrac-
tion is illustrated in Fig. 7.29. The corresponding ef cagnis shown in Fig. 7.30a). As
it is expected, the-reconstruction ef ciency is comparable to the quadratioon-



7.5 Measurement of Neutral Pions 183

reconstruction ef ciency whereas it shows a stronger desetowards lowept (<
1 GeVk) (compare Fig. 7.30a) and Fig. 7.19 a)).

It is also multiplied with thep®-signal of an UrQMD spectrum of central Au+Au
collisions at 25AGeV beam energy and the resulting spectrum is displayedjuvE30 b).
For the reconstruction of 1qi¥s at 2 GeV¢ (dpr = 160 MeVk), 5 108 UrQMD events
are required. With an expected data storage rate of 20 kHeeirxperiment this would
take 7 hours of data taking.

In order to increase the ef ciency the same analysis is doitkoart applying any
electron PID conditions. For this analysis tfepeak extraction is presented in Fig. 7.31
and the ef ciency is shown in Fig. 7.32 a). In this case theadaking for thep® analysis
takes as long as for the theoretiadal electron PIDcase. When comparing the average
number of reconstructgas from one UrQMD event, which is shown foo electron PID
in Fig. 7.32b), the data taking time can be reduced by a faft8r6 in comparison to an
analysis withreal electron PID

The sigma of a Gaussian t to thp®-peak has a value of about 6 Ma&¥/ With
a typical calorimeter photon measurement, e.g. an anatyd#b+Pb collisions in the
WA98 experiment, @°-peak width of 10 MeV# is obtained for peripheral collisions,
and thisp®-peak width increases to 13 MeV/c? for central collisions [Blu98]. These
values were measured in am{ M) region of 03 2 MeV/c? for peripheral collisions
and 03 2:9 MeV/c? for central collisions. Another calorimeter photon measuent was
done in the analysis of p+p collisions in the PHENIX expenmitehere g°-peak width
of 10 15MeV/c? is obtained in thest region 0 3 GeVk [Zau07]. Of course, this is not
a straight forward comparison since PHENIX is a colliderexkpent. In a xed target
experiment (like WA98 and CBM), the Lorentz boost is hel@siifor a giverpr the pho-
ton energy is much higher and hence the energy resoluticettisrbFor the CBM ECAL,
apP-peak width of 9 MeV, integrated over all momenta, is expedtem current simula-
tions [CBM09a]. The smaller width of the’-peak reconstructed via photon conversions
is due to the good momentum resolution of the electron tragki

The results encourage a photon gfdmeasurement via conversions with the CBM
experiment. Of course, the reconstruction ef ciency of ms and in particular fop%s
using the conversion method is much lower than the one witBE@AL measurement:
by simulations with CbmRoot for the CBM ECAL, a reconstroatief ciency of 35
40% is expected for photons with> 0:5 GeV [CBMO09a]. But since the combinatorial
background of photon pairs decreases quadratically, theefa@iency of the conversion
method leads to a bett&eB ratio between 8% and 376% for 1 Ge\c< pt < 3GeV=C
in the p® measurement. Moreover, the very good momentum resolufitiieqphoton as
well as of thep®-reconstruction obtained by using the conversion methodiges an
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Figure 7.29: Invariant-mass distribution ajgpairs after background subtraction fial electron PID

Here, 20,000 UrQMD events from central Au+Au collisions &tA%GeV beam energy are analyzed. In

addition, 1,00@0, uniformly distributed irpr(0GeV=c< pr < 3GeV=c), are embedded into every event.
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a) b)

Figure 7.30:a) p®-reconstruction ef ciency and b) the average number of nstaictedp’s as function of
pr in one UrQMD event (central Au+Au events at26eV beam energy), both foeal electron PID

advantage especially at low momenta and both measurententkide done in addition
to the ECAL data analysis.

The measurements, which are shown here, can be carried thuthgi standard de-
tector setup intended for CBM as e.g. designated for thenk#asurement (assuming the
usage of a segmented target with integrated thickness gi@%@nd for any “inclusive-
hadron' measurement like, K, p, D, X, W, including ow. For the photon ang® mea-
surement by using the conversion method, no further trgyges required, i.e. they will
be feasible with a simple Minimum Bias or centrality trigger

The ef ciency of the photon and thus of thg® measurement can be drastically in-
creased by adding some converter material behind the targistmay be an interesting
option for single runs in the CBM experiment. Besides thgdaref ciency due to the
higher photon-conversion probability the photghDalitz ratio would be very large in
such a measurement. Due to the very short mean life tin{&4f 0:6) 10 s, the
path length of theP is very small ¢t = 25:1 nm) and thus there are pds behind the
target. In thee" e pair reconstruction one could apply a vertex constrairtigdonverter
position and obtain a photon spectrum with a high purity @mgd statistical accuracy.
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Figure 7.31:Invariant-mass distribution @fgpairs after background subtraction fow electron PID Here,
20,000 UrQMD events from central Au+Au collisions at®BeV beam energy are analyzed. In addition,
1,000p%s, uniformly distributed irpr(0GeV=c < pr < 3GeV&c), are embedded into every event.
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Figure 7.32:a) p®-reconstruction ef ciency and b) the average number of nstwictech®s as function of
pr in one UrQMD event (central Au+Au events at6eV beam energy), both foio electron PID






Summary

The focus of this thesis was the development of a Transitiadid&ion Detector (TRD)
for the future CBM experiment at FAIR. The CBM TRD will prowadelectron identi-
cation and — together with a Silicon Tracking System (STSyiH allow tracking of
charged patrticles. In conjunction with the Ring Imaging @mé&ov (RICH) detector and
a time-of- ight (TOF) measurement, it will provide suf cig electron identi cation for
the measurements of charmonium and low-mass vector mesons.

The most important and challenging aspect of the TRD desi¢mit the detector has
to cope with very high interaction rates of up to’Hr and large particle multiplicities
in CBM. These conditions lead to counting rates of up to 108/kK¥ in the central part
of the TRD (at small polar angles). In this thesis it was comed that TRDs consisting
of a combination of radiators and simple multiwire propam@l chambers (MWPC) with
6 mm gas thickness and multipad readout are good candidatésgh-granularity fast
detectors. The small gas thickness minimizes drift timeraaddices space-charge effects
in a high counting-rate environment. However, as shownimttiesis, a reduction of the
detector thickness leads to a smaller absorption ef cidocyhe transition radiation in a
single layer of the detector. In order to circumvent thissespvithout increasing the num-
ber of layers and readout channels, a new TRD architectuis@mgposed and successfully
tested. The con guration is based on a symmetric arrangemietwwvo MWPCs with a
common double-sided central pad-readout electrode. Tatetgpes were designed, built
and tested in collaboration with the group of Prof. M. Peizovom IFIN-HH, Bucharest,
Romania. The performance of two identical MB-TRD (MundBercharest TRD) proto-
types was investigated using¥re X-ray source of 5.9 keV and mixed electron, pion, and
proton beams with rates of up to 200 kHz/&and momenta of up to 2 Ge¥provided
by a secondary beam line at the SIS 18 accelerator at GSI, Sdadin

The performance of the TRD prototypes was investigatedrimgeof electron/pion
discrimination, tracking performance as well as gas-gath@osition-resolution stability
at high incident particle rates. The position resolutios watermined using two identical
detectors assuming equal contribution of both chambemdifi@rent anode voltages, gas
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mixtures, and particularly for different beam intensitigsall measurements a position
resolution in anode-wire direction of less than 200 um wdseaed for particle rates of
up to 200 kHz/crA. These results conform to the requirements of the CBM TRBoAI
the position resolution of the detectors perpendiculah&anode wires was determined.
Due to the geometry of the MB-TRD prototype the position & tmarge cluster in this
direction can be determined with a resolution of about 1.2 iawever, the cluster posi-
tion itself is shifted from the particle-track position tamds the next anode wire and can

e determined with a resolution of the order of 700 um (wirgcapg (2.5 mm) divided by

12). This performance is also ful lling the CBM requiremeniNevertheless, this very
good position resolution in both directions was achievethai small prototype having
a high readout-pad granularity. The position resolutiom eéal-size TRD has to be as
good with a realizable number of readout channels. In olendet these requirements,
an optimized geometry of the readout electrode with rectemgeadout pads, which are
subdivided into two triangles each, has been developed. [out should allow for a
two-dimensional track reconstruction in one TRD layer.

Using test-beam data, the electron/pion discriminatiomhef MB-TRD prototypes
was estimated. The charge-deposit distributions of elastand pions were used as prob-
ability distributions in simulations aimed at determiniting pion rejection factor of the
prototypes as a function of number of TRD layers. The pioriehcy was measured for
one TRD layer and was subsequently extrapolated to a latgeber of layers. The pion
ef ciency of 1% at an electron ef ciency of 90%, like it is eisaged for the CBM-TRD,
was achieved for nine layers of the prototypes. This peréorre was reached by using
simple sandwich radiators consisting of foam and bers.rEless layers will be needed
with regular foil radiators or correspondingly larger ijen factors may be achieved.

The results encourage the further development of this newgderinciple for a TRD
for the CBM experiment. Based on the prototype performaeceahstrated in this thesis,
a next generation of TRD prototype has been developed andnsntly under construc-
tion. This new device is a real-size prototype being intendge unit cell of a module
design of a full TRD layer.

The new TRD geometry was implemented into the simulatioméaork (CbmRoot)
of the CBM experiment. The measured charge-deposit speera reproduced by a
GEANT3 simulation with appropriate parameters for the $ron-radiation simulation
in order to provide a realistic input for the TRD in the sintida. ComRoot provides
the possibility to perform feasibility studies for physicgeasurements, and the further
optimization of the detector layout. Hence, the TRD desigma also be investigated in
conjunction with the other sub-systems within a simulatbthe whole CBM detector
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setup. This — currently most probable — detector geometmtsra| design goals of the
TRD.

As a possible application of the TRD in CBM, the measureméudialectrons from
photon conversions in the target was studied in this thésisthis study, the full event
simulation and reconstruction in CbmRoot was used. An Edetagnetic Calorimeter
(ECAL) is designated to provide photon identi cation in CBM complementary mea-
surement of dielectrons from photon conversions can be tesettrease the precision
of the photon measurement. This method is very auspiciquscedly at low momenta
due to the good momentum resolution of the electron trackihgreover, it does not
suffer much from misidenti ed charged and neutral hadronkgaound. The electrons
and positrons are measured using the charged-particlérigagwith STS and TRD) and
electron identi cation detectors (RICH, TRD, and TOF).

In order to reconstruct photons via conversions ite pairs, the lowest invariant-
mass region< 100 MeV£?) of dielectrons was investigated, where the main contidiout
is due to photon conversions ap8-Dalitz decays. Through the application of several
cuts, the reconstruction ef ciency for photons and neugrahs was optimized. Thgep°-
Dalitz ratio was shown to increase from 4.2 to 7.7, and thetifva of photons compared
to all (true and fake) reconstructetle pairs was shown to increase fron2%6 to 813%.
This purity of the photon signal and the ef ciency of the ptrtreconstruction was in-
vestigated for different PID conditions. Based on theseltgsone can now adjust the
ef ciency and purity for photon reconstruction accordirmgthe available bandwidth for
this reaction channel and the amount of beam time availalilest experiment.

In addition, the momentum resolution of the reconstructedt@ns was determined.
It was shown that, especially at low momenta (up to 8 @g\4 resolution of better than
Dp=p = 2:5% can be obtained. This is considerably better than thectagenomentum
resolution in a photon measurement using the ECAL. This Iéexed because of the
good momentum resolution of the charged-particle tracking

The measurement of direct photons requires precise kngeleflthe contribution
from decays (mainlyp® h ! gg to the inclusive photon spectrum. An enhancement of
photons compared to the expectation from hadron decays eatiréctly attributed to
a direct-photon signal. Moreover, tp8-measurement employing the same method pro-
vides a useful cross check for the method of photon measuteirteus, a further analysis
of neutral pions using the photon-conversion method wa®peed.

The p%signal was determined through an invariant-mass anabfsphoton pairs.
Taking into account all possible photon-photon combinetiteads to a large combina-
torial background. This was determined using an eventsgixechnique. In order to
investigate and to increase the statistical accuracy,atidysis was also performed for
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different PID conditions. By using the obtained ef ciencreconstructingp®s with this
method and in comparison to an UrQMD spectrum, the datagetkine that is necessary
to obtain ap®-signal with the required statistical accuracy was est@malt was shown
that the statistical error in ther range of 1.5-2 Ge\/is of the order ok 6:6% for a net
run time of 200 hours when exhausting the full bandwidth tesrstorage.

The resolution of the®s invariant-mass has a value of about 6 Me¥/in the pr-
region of 0-3 GeW, which is a very good resolution particularly in comparisoiknown
calorimeter measurements.

The results encourage a photon afemeasurement via conversions in the CBM ex-
periment. Of course, the reconstruction ef ciency of phtand in particular op%s
through the conversion method is much lower than the one MOoE@GAL measure-
ment. However, since the combinatorial background of ph@@irs decreases quadrat-
ically, the low ef ciency of the conversion method leads to inprovedS=B ratio for
1GeV=c < pr < 3Gel=c in the p®-measurement. Moreover, the very good momentum
resolution of the photon as well as of th&reconstruction obtained with the conversion
method provides an advantage especially at low momentdy@hdneasurements should
be carried out in addition to the ECAL data analysis.

In summary, the new TRD prototype for electron/pion disanation and tracking
of charged particles in high counting rate environmentstees developed. It has been
demonstrated to ful Il the requirement of the CBM experinhahthe future FAIR. Based
on the obtained results a real-size prototype with an opgthgeometry of the readout
electrode in order to provide two-dimensional positioromfiation is now being devel-
oped. In addition, a feasibility study for the measuremdnttmtons and neutral pions
via photon conversions was performed in simulations udimegTtRD layout developed
in hardware. These measurements can be carried out withtdahdasd detector setup
intended for CBM and without dedicated triggers.



Zusammenfassung

Der Fokus dieser Arbeit lag auf der Entwicklung eines Ubeggatrahlungsdetektors
(TRD) fur das zukunftige CBM-Experiment am FAIR-Beschlgar. Der CBM-TRD
wird die Identi zierung von Elektronen und — zusammen mitegn Silicon-Tracking-
System (STS) — die Spurrekonstruktion geladener Teilclerdglichen. In Verbindung
mit einem Ring-Imaging-Cherenkov-Detektor (RICH) undegifrlugzeitmessung (TOF)
soll der TRD eine Elektronidenti zierung bieten, die Meagen von Charmonium und
Vektormesonen niedriger Masse ermdoglicht.

Der wichtigste und anspruchsvollste Aspekt in der Entwiokl des TRD-Designs
liegt darin, dass der Detektor bei sehr hohen Wechselwiktaten von bis zu ¥0Hz und
hohen Teilchenmultiplizitaten betrieben werden soll. kemtzalen Bereich des TRD (bei
kleinen Polarwinkeln) fiihren diese Bedingungen zu Zaéiraton bis zu 100 kHz/cfn
In dieser Arbeit wurde bestatigt, dass TRDs bestehend aas liKombination von Radia-
toren und einfachen Vieldraht-Proportionalkammern nmeeiGasdicke von 6 mm und
Multipad-Auslese geeignete Kandidaten fur schnelle Cietek mit hoher Granularitat
sind. Eine kleine Gasdicke verkiirzt die Driftzeit und reduzZRaumladungseffekte insbe-
sondere bei hohen Zahlraten. Wie in dieser Arbeit gezdiptf £ine Reduzierung der De-
tektordicke jedoch zu einer kleineren Absorptionswahegdichkeit fiir Ubergangsstrah-
lung in einer einzelnen Lage des Detektors. Um diesen Aspekimgehen, ohne gleich-
zeitig die Anzahl an Lagen und Auslesekanalen zu erhéhemexein neues TRD-Layout
konstruiert und erfolgreich getestet. Es basiert auf esgammetrischen Anordnung zwei-
er Vieldraht-Proportionalkammern mit einer zentralerpieseitigen Ausleseelektrode.
Die Prototypen wurden in Zusammenarbeit mit der Gruppe voh 1. Petrovici vom
IFIN-HH in Bukarest entwickelt, gebaut und getestet. Diefétenance zweier identi-
scher Miinster-Bucharest-TRD-Prototypen (MB-TRD) wurd@&chst mit eineP°Fe-
Rontgenquelle von;® keV und anschlieRend mit gemischten Strahlen aus Eledtron
Pionen und Protonen untersucht. Letztere wurden mit Raterbis zu 200 kHz/crhund
Impulsen von bis zu 2 Ge¥Aon einer Sekundarstrahlfihrung am SIS-18-Beschleuniger
an der GSI, Darmstadt, bereitgestellt.
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Untersucht wurde das Verhalten der TRD-Prototypen in BeaufgElektron/Pion-
Separation, Spurrekonstruktion und auf Stabilitat den@estarkung sowie der Ortsauf-
l6sung bei hohen Z&hlraten. Die Ortsau dsung konnte unéerAhnahme gleicher Bei-
trage in beiden Kammern mit zwei identischen Detektoretifest werden, welche bei
verschiedenen, aber in beiden Kammern identischen, Bsprggametern wie Anoden-
spannung, Gasmischung und insbesondere bei unterschiedlieilchenraten betrieben
wurden. In allen Messungen wurde eine Ortsau dsung in Anddahtrichtung von we-
niger als 200um selbst bei maximalen Teilchenraten von bis zu 200 kHZ/emeicht.
Diese Ergebnisse erfilllen das Design-Ziel fir den CBM-TRI2.Ortsau dsung der De-
tektoren wurde auch in senkrechter Richtung zu den Anoddaein bestimmt. Mit der
Geometrie des MB-TRD Prototypen kann der Ort des Ladungst@is in dieser Rich-
tung mit einer Au 6sung von etwa 1 mm ermittelt werden. DiesRion des Clusters
selbst ist jedoch von der Teilchenspur in Richtung des riéohsnodendrahtes verscho-
ben und k%nn mit einer Au 6sung von etwa 700 um (Anodendiasdtand (25 mm) ge-
teilt durch 12) bestimmt werden. Diese Au dsung erflllt ebenfalls diedBgungen
fur CBM. Allerdings wurden die Werte mit einem kleinen Priyfzen erreicht, der eine
hohe Pad-Granularitat aufweist, und mussen auch fir eiri@egen TRD mit einer rea-
lisierbaren Anzahl an Auslesekandlen erzielt werden. Ues du gewdahrleisten, wurde
eine optimierte Geometrie der Ausleseelektrode entwicllied rechteckige Auslese-Pads
aufweist, welche in jeweils zwei Dreiecke unterteilt siDdeses Layout soll eine zweidi-
mensionale Spurrekonstruktion in einer TRD-Lage ermbgic

Mit den Teststrahldaten wurde auch die Elektron/Pion-&dmm der MB-TRD-
Prototypen abgeschétzt. Die Verteilungen der deponidregtung fur Elektronen und
Pionen kdnnen als Wahrscheinlichkeitsverteilungen inukationen genutzt werden, um
den Pionenunterdriickungsfaktor der Prototypen als Fomkier Anzahl der TRD-Lagen
zu bestimmen. Die Pionenef zienz wurde mit einer TRD-Lagangssen und anschlie-
Rend fur eine groRere Anzahl an Lagen extrapoliert. Die éir @BM-TRD gewunschte
Pionenef zienz von 1% bei 90% Elektronenef zienz wurde Rit.agen der Prototypen
erreicht. Diese Performance wurde mit einfachen SandWatiiatoren erreicht, welche
aus Schaum und Fasermatten bestehen. Mit regularen Faaliatoren werden sogar we-
niger Lagen bendtigt oder es wird ein entsprechend grofémeerdrickungsfaktor er-
reicht.

Die Ergebnisse ermutigen zur Weiterentwicklung diesesndbdesign-Prinzips flr
einen TRD im CBM-Experiment. Basierend auf der Prototypidtenance, die in dieser
Arbeit gezeigt ist, wurde eine nachste Generation von TRReRypen entwickelt, wel-
che aktuell konstruiert werden. Dieses neue Gerét ist edtoBip mit realistischen Ab-
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messungen, der als einzelne Zelle einer vollen TRD-Lagenodularem Design geplant
ist.

Die neue TRD-Geometrie wurde in die Simulationsumgebung @&BM-
Experimentes (CbmRoot) implementiert. Die gemessenekt&peder deponierten La-
dung wurden mit einer GEANT3-Simulation und geeigneteraatern fur die Simula-
tion der Ubergangsstrahlung beschrieben, um eine realstiGrundlage fiir den TRD in
der Simulation zu bieten. ComRoot bietet die Méglichkeltygikalische Machbarkeits-
studien und weitere Optimierungen des Detektor-Layoutsurcehmen. Dadurch konnte
das TRD-Design auch zusammen mit anderen SubsystemereirSmulation des kom-
pletten CBM-Detektoraufbaus untersucht werden. In diegserZeit wahrscheinlichsten
Detektorgeometrie erflllt der TRD alle Design-Ziele.

Als eine mogliche Anwendung des TRD in CBM wurde in dieseréirdie Messung
von Dileptonen aus Photonkonversionen im Target untetstth diese Studie wurde
eine vollstandige Simulation und Rekonstruktion in CbomRgenutzt. Die herkdmm-
liche Messung von Photonen soll in CBM mit einem elektronadigchen Kalorimeter
durchgefuhrt werden. Eine komplementare Messung von fitegn aus Photonkonver-
sionen kann genutzt werden, um die Prazision der Photoresung zu erhdhen. Diese
Methode ist besonders bei kleinen Impulsen auf Grund deenglmpulsau 6sung der
Elektron-Spurrekonstruktion sehr vielversprechend. &dBm ist sie nicht stark durch
den Untergrund aus missidenti zierten geladenen und a&rnrHadronen beeintrachtigt.
Die Elektronen und Positronen werden bei der Spurrekokistru geladener Teilchen
(mitdem STS und TRD) gemessen und mit dem RICH, TRD und TOfRtiideert.

Um Photonen lber Konversionendfe -Paare zu rekonstruieren, wurden Dilepto-
nen im Bereich niedrigster invarianter Massenl(00 MeV£?) untersucht, wo der Haupt-
beitrag durch Photonkonversionen ypfdDalitz-Zerfélle entsteht. Durch die Anwendung
verschiedener Cuts wurde die Rekonstruktionsef zienzRtiotonen und neutrale Pio-
nen optimiert. Es wurde gezeigt, dass sich ggz°-Dalitz-Verhéltnis von 42 auf 77
und der Anteil der Photonen im Vergleich zu allen (richtigerd falschen) rekonstru-
iertene” e -Paaren von 2% auf 813% erhoht. Die Reinheit des Photonsignals sowie
die Ef zienz der Photonrekonstruktion wurden mit unterigchichen PID-Bedingungen
untersucht. Basierend auf diesen Ergebnissen kann nun p@rigxent die Ef zienz und
Reinheit der Photonrekonstruktion entsprechend der voidr@en Bandbreite fir diesen
Reaktionskanal und der zur Verfiigung stehenden Stralgeeifihlt werden.

Dartber hinaus wurde die Impulsau 6sung der rekonstrareRhotonen bestimmt.
Es konnte gezeigt werden, dass besonders bei kleinen lerp(iiss zu 8 Ge\W) eine
Au 6sung von besser alBp=p = 2;5% erreicht wird, welche deutlich besser als die er-
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wartete Au 6sung einer Photonenmessung mit dem ECAL ise Disache liegt in der
guten Impulsau 6sung bei der Spurrekonstruktion geladdeédchen.

Zur Messung direkter Photonen wird eine prézise KenntrsBagtrags aus Zerfallen
(hauptséachlicip® h | g9 zum inklusiven Photonenspektrum benétigt. Eine Erhéhung
der Photonenausbeute verglichen mit der Erwartung fur deitrdg) aus hadronischen
Zerfallen kann direkt einem Signal direkter Photonen zalgesben werden. Dartber
hinaus bietet dig%-Messung mit derselben Methode eine niitzliche Gegenpiiabdid
Methode der Photonenmessung. Deshalb wurde eine weitaalygenneutraler Pionen
mit der Photonkonversionsmethode durchgefuhrt.

Das p°-Signal wurde mit einer Analyse invarianter Massen von Bhenpaaren
bestimmt. Wenn alle méglichen Photon-Photon-Kombinaiobertcksichtigt werden,
fuhrt dies zu einem grof3en kombinatorischen Untergrunes@&iwurde mit einer Mixed-
Event-Technik bestimmt. Um die statistische Genauigkeitiatersuchen und zu erho-
hen, wurde diese Analyse auch mit unterschiedlichen PlBisggingen durchgefihrt.
Mit Hilfe der Ef zienz der p°-Rekonstruktion unter Verwendung dieser Methode und ei-
nem Vergleich mit einem UrQMD-Spektrum wurde die Datennabeit abgeschatzt, die
nétig ist, um einp®-Signal mit der benétigten statistischen Genauigkeit haken. Es
wurde gezeigt, dass bei Ausschopfung der vollen Bandbeeite Massenspeicher der
statistische Fehler inpr-Bereich von 15-2 GeVE bei einer Netto-Datennahmezeit von
200 Stunden kleiner als 6% wird.

Die Au ésung der invarianten Masse de8 hat einen Wert von etwa 6 Me¥ im
pr-Bereich von 0-3 Ge\¢, was eine sehr gute Au 6sung insbesondere im Vergleich zu
bekannten Kalorimetermessungen darstellt.

Die Ergebnisse ermutigen zu einer Photonen- pAeévlessung iber Konversio-
nen im CBM-Experiment. Natirlich ist die Rekonstruktiohwenz fur Photonen und
insbesondere fiips mit der Konversionsmethode sehr viel kleiner als die mieei
ECAL-Messung. Doch da der kombinatorische Untergrund dmtdhenpaare quadra-
tisch wachst, fuhrt die kleine Ef zienz der Konversionsimade zu einem verbesser-
ten Signal-zu-Untergrund-Verhéltnis im Bereich 1Ge\t pr < 3GeV=c bei derp®-
Messung. Daruber hinaus bietet die sehr gute Impulsau @sisr Photon- sowie der
pP-Rekonstruktion unter Verwendung der Konversionsmetivodallem bei kleinen Im-
pulsen einen Vorteil und beide Messungen sollten zusétziic ECAL-Analyse durch-
gefuhrt werden.

Zusammenfassend wurde ein neuer TRD-Prototyp zur Elelrom-Separation und
Spurrekonstruktion geladener Teilchen bei hohen Zamraetwickelt und es wur-
de gezeigt, dass er die Anforderungen des CBM-Experimentegukinftigen FAIR-
Beschleuniger erfillt. Basierend auf den Ergebnissen eveira Prototyp realer Gré3e mit
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einer optimierten Geometrie der Ausleseelektrode enwlickit der eine zweidimensio-
nale Ortsinformation erhalten werden kann. Dartber hivausle eine Machbarkeits-
studie zur Messung von Photonen und neutralen Pionen mitl&iimnen durchgefihrt,
in denen das TRD-Layout benutzt wurde, welches in Hardwatwiekelt wurde. Diese
Messungen kénnen mit dem Standard-Detektoraufbau, wigréEBM geplant ist, und
ohne bestimmte Trigger durchgefihrt werden.
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Appendix A: Run summary of the test beam in 2006 at GSI

Run| U(V) | p(GeVl) | Spill(s) | Size(MB) | Comments

041 | 1700 15- 10 207 Xe(85%)CQ(15%), sandwich radiators
in front of MB-TRD1/MB-TRD2

042 | 1700 15- 4(?) 200 Foil radiators in front of MB-TRD1

043 | 1700 15- 4 120 Sandwich radiators in front of
MB-TRD1 and MB-TRD2

044 | 1700 15- 4 263

047 | 1800 15- 4 202

048 | 1800 15- 4 202

049 | 1800 1.0- 4 170 Pbgl thr -> 60mV, TDC implemented

050 | 1800 1.0- 4 200 Pbgl thr -> 70mV

051 | 1800 1.0- 4 200

052 | 1800| 1.0+ 2 200 Switch to positive particles

053] 1800| 1.0+ 2 135 Low rate

054 | 1800 15+ 2 217 Low rate

055 | 1800 15+ 2 163 Low rate

056 | 1800| 15+ 1 129 Pbgl thr -> 120 mV

057 | 1800| 15+ 1 241

058 | 1800| 1.5+ 10 146

061 | 1800 15+ 1 200 S2 and Pbgl realigned

062 | 1800| 1.5+ 1 Noticed different gain for B1 and M1

063 | 1800 15+ 1 290 Beam not stable; removed Si

064 | 1800| 1.5+ 1 229 Dubna change HV

065 | 1800| 1.5+ 2 362

066 | 1800| 1.5+ 5 400 Si back to beam

067 | 1800 15+ 0.7 410 Si removed

068 | 1800| 1.5+ 0.5 363 HV of B1 not stable; problem with ion sourg

069 | 1800 15+ 0.5 Very low intensity

070 | 1800 15+ 0.5 Rate vary very strong

071 | 1800 15+ 4 98 M1 no radiator

Table A.1: Run summary of the test beam in 2006 at GSI.

e
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Run| U(V) | p(GeVl) | Spill(s) | Size(MB) | Comments

072 | 1800 15+ 4 157 Beam uctuations, Pbgl off from trigge
073 | 1800| 2.0+ 10 225

074 | 1800| 2.0+ 10 200

075 | 1800| 2.0+ 5 202

076 | 1800| 2.0+ 5 159 Low rate

077 | 1800| 2.0+ 5 210

078 | 1800| 2.0+ 2 198

079 | 1800| 2.0+ 2 202

080 | 1600| 2.0+ 2 201 change voltages
081 | 1600| 2.0+ 2 200

082 | 1600| 2.0+ 5 200

083 | 1600| 2.0+ 5 206

084 | 1600| 2.0+ 10 201

085 | 1600| 2.0+ 10 210

086 | 1600 20+ 2 203 Si off from DAQ
087 | 1700| 2.0+ 2 94 Xe(90%)CQ(10%), low rate
088 | 1700| 2.0+ 2 200 Dubna change HV
089 | 1700| 2.0+ 2 200

090 | 1700| 2.0+ 5 201

091 | 1700| 2.0+ 5 212

092 | 1700| 2.0+ 10 201

093 | 1700| 2.0+ 10 205

094 | 1500| 2.0+ 10 Test le for HV (B1,M1,B2)
095 | 1550 2.0+ 10 204

096 | 1550 2.0+ 10 204

097 | 1550| 2.0+ 5 201

098 | 1550 2.0+ 5 201

099 | 1550| 2.0+ 2 214

110 | 1650 2.0+ 5 200 Xe(80%)CQ(20%)
111 | 1650 2.0+ 2 200

-

Table A.2: Run summary of the test beam in 2006 at GSI.
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Appendix A: Run summary of the test beam in 2006 at GSI

Run| U(V) | p(GeVl) | Spill(s) | Size(MB) | Comments
113 | 1850 2.0+ 2 239

114 | 1850 2.0+ 2 200

115 | 1650 2.0+ 2 change HV
116 | 1650 2.0+ 2

117 | 1850 2.0+ 5 251 change HV
118 | 1850 2.0+ 5 200

119 | 1850 2.0+ 10

120 | 1850 2.0+ 10 340

121 | 1800 2.0+ 10 133 Change angles to 30 deg
122 | 1800 2.0+ 10 258

123 | 1800 2.0+ 10 187

124 |1 1800 2.0+ 2 258

125| 1800| 2.0+ 2 204 Remove Bl and B2; GSI at 20 deg
126 | 1800 2.0+ 2 204

127 | 1800 2.0+ 10 214

128 | 1800 2.0+ 10 200

129 | 1800 2.0+ 2 211 GSl at 10 deg
130 | 1800| 2.0+ 2 200

131 | 1800 2.0+ 10 207

132 | 1800 2.0+ 10 216

133| 1800 15+ 10 210 GSl back to 0 deg, start with GEM scg
1341 1800 1.5+ 10 204

135 | 1800 1.5+ 10 208

136 | 1800 1.5+ 5

1371800 1.5+ 5 200

138 | 1800| 1.5+ 5 226

139 | 1800 1.5+ 5 200

140 | 1800 1.5+ 5 206

141 | 1800 15+ 5 226

142 | 1800 1.5+ 5 203

AN

Table A.3: Run summary of the test beam in 2006 at GSI.
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Run| U(V) | p(GeVl) | Spill(s) | Size(MB) | Comments

143 | 1800 1.5+ 5 203

144 | 1800 15+ 5 218

145| 1800 15+ 5 204

146 | 1800 1.5+ 5 201

147 | 1800 1.5+ 10 207

148 | 1800 1.5+ 10 205

149 | 1800 15+ 10 205

150 | 1800| 1.5+ 10 203

151 | 1800 1.5+ 10 201

152 | 1800 15+ 10 150

153 | 1800| 15+ 2 513 End GEM scan

154 | 1800| 15+ 2 266

155| 1800 15+ 2 Pbgl back in trigger

156 | 1600 2.0+ 10 Ar(85%)C(15%)
remove radiators

157 | 1610 2.0+ 10 278

158 | 1610 2.0+ 10 244

159 | 1610 2.0+ 5 265 Low intensity

160 | 1610 2.0+ 5 320

161 | 1610 2.0+ 2 206

162 | 1610 2.0+ 2 204

163 | 1610 2.0+ 2 234

164 | 1700 1.5+ 2 19 Xe(85%)CQ(15%)
M1 0 deg, M1 with foil radiator

165| 1700 15+ 0.5 87

166 | 1700 1.5+ 0.5 202

167 | 1700 1.5+ 0.5 205

168 | 1700 15+ 0.75 205

169 | 1700 15+ 0.75 205

170 1700 1.5+ 0.75 215

Table A.4: Run summary of the test beam in 2006 at GSI.
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Figure B.1: Construction plan for cathode frame [SimO08].
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Figure B.2: Construction plan for cathode frame (overview) [Sim08].
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Figure B.7: Schematic drawing of the counter [Sim08].
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