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Abstract

The availability of a high-intensity antiproton beam with momentum up to 15 GeV/c at
the future Facility for Antiproton and Ion Research (FAIR) will open a unique opportunity
to investigate wide areas of nuclear physics with th (antiProton ANnihilations at
DArmstadt) detector. Part of these investigations concern the electromagnetic form factors
of the proton in the time-like region and the study of the transition distribution amplitudes,
for which feasibility studies have been performed in this Thesis. Moreover, simulations to
study the efficiency and the energy resolution of the backward endcap of the electromagnetic
calorimeter of are presented. This detector is crucial especially for the reconstruction
of processes like pp — ete n, investigated in this work. Different arrangements of dead
material were studied. The results show that both, the efficiency and the energy resolution
of the backward endcap of the electromagnetic calorimeter fullfill the requirements for the
detection of backward particles, and that this detector is necessary for the reconstruction of
the channels of interest.

The study of the annihilation channel pp — e e~ will improve the knowledge of the elec-
tromagnetic form factors in the time-like region, and will help to understand their connection
with the electromagnetic form factors in the space-like region. In this Thesis the feasibility
of a measurement of the pp — eTe™ cross section with is studied using Monte-Carlo
simulations. The major background channel pp — "7~ is taken into account. The results
show a 10” background suppression factor, which assure a sufficiently clean signal with less
than 0.1% background contamination. The signal can be measured with an efficiency greater
than 30% up to s = 14 (GeV/c)>. The electromagnetic form factors are extracted from the
reconstructed signal and corrected angular distribution. Above this s limit, the low cross sec-
tion will not allow the direct extraction of the electromagnetic form factors. However, the
total cross section can still be measured and an extraction of the electromagnetic form factors
is possible considering certain assumptions on the ratio between the electric and magnetic
contributions.

The transition distribution amplitudes are new non-perturbative objects describing the
transition between a baryon and a meson. They are accessible in hard exclusive processes
like pp — eTe . The study of this process With will test the transition distribution
amplitudes approach. This work includes a feasibility study for measuring this channel with
The main background reaction is here pp — n™ 1 n’. A background suppression
factor of 10® has been achieved while keeping a signal efficiency above 20%.

Part of this work has been published in the European Physics Journal A 44, 373-
384 (2010).






Zusammenfassung

Der hoch intensive Antiproton-Strahl mit einem Impuls von bis zu 15GeV/c an der im
Aufbau befindlichen Facility for Antiproton and Ion Research , mit dem
(antiProton ANnihilations at DArmstadt) Detektor, bietet eine einzigartige Moglichkeit weite
Bereiche der Kernphysik zu studieren. Teil dieser Studien ist die Messung der elektro-
magnetischen Formfaktoren des Protons im zeitartigem Bereich sowie die der Transition-
Distribution-Amplituden. Als Teil dieser Studien werden Simulationen présentiert, mit denen
die Effizienz und die Energieauflosung der Riickwirts-Endkappe des elektromagnetischen
Kalorimeters von studiert werden. Dieser Detektor ist von grofler Bedeutung bei der
Rekonstruktion des Prozesses pp — eTe n°, der in dieser Arbeit untersucht wird. Es wer-
den verschiedene Szenarien untersucht. Die Ergebnisse zeigen, dass die Eigenschaften der
Riickwirts-Endkappe des elektromagnetischen Kalorimeters durch die zusétzliche Massen-
belegung kaum leiden und Teilchen unter Riickwirtswinkeln gut detektiert werden konnen.

Die effiziente Messung des Prozesses pp — ete™ wird dazu dienen, das Wissen iiber die
elektromagnetischen Formfaktoren im zeitartigen Bereich empfindlich zu verbessern, und
damit deren Verbindung zu den elektromagnetischen Formfaktoren im raumartigem Bere-
ich besser zu verstehen. In dieser Arbeit wird, basierend auf Monte-Carlo Simulationen,
die Durchfiihrbarkeit der Messung pp — e*e™ mit untersucht. Hierbei wird der bei
weitem schidlichste Untergrundprozess, pp — T 7~ , beriicksichtigt. Die Ergebnisse zeigen
eine Unterdriickung des Untergrundes von der Ordnung 10°. Damit kann ein sauberes Signal
mit einer geringen Verunreinigung von weniger als 0.1% erreicht werden. Das Signal kann
bis zu einen s = 14 (GeV/c)? mit einer Effizienz groBer als 30% vom Untergrund sauber ge-
trennt werden. Die elektromagnetischen Formfaktoren werden aus der rekonstruierten und
korrigierten Winkelverteilung des Signals extrahiert. Oberhalb des genanten s-Bereichs wird
die Anzahl der Ereignisse zu klein, um die elektromagnetischen Formfaktoren zu extrahieren.
Sie konnen dennoch unter gewissen Annahmen iiber das Verhiltnis zwischen elektrischen
und magnetischen Beitrigen gemessen werden.

Die Transition-Distribution-Amplituden sind neue, nichtperturbative Objekte, welche
zum Beispiel den Ubergang von einem Baryon zu einem Meson beschreiben und hil-
freich fiir die Berechnung von Wirkungsquerschnitten harter exklusiver Prozesse sind.
Durch das Studium des Prozesses pp — eTe n” mit wird die Anwendbarkeit des
Transition-Distribution-Amplituden Ansatzes iiberpriift. Diese Arbeit enthilt eine Durch-
fiihrbarkeitsstudie zur Messung von pp — ete ¥ mit Als gravierendster Unter-
grundsprozess wurde pp — nTn~n® untersucht. Eine Unterdriickung des Untergrundes von
103 sowie eine Signaleffizienz von 20% wurden erreicht.

Teile dieser Arbeit wurden in European Physics Journal A. 44, 373-384 (2010) verof-
fentlicht.
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Introduction

The present work has been developed in the framework of the |PANDA
(antiProton ANnihilations at DArmstadt) collaboration that will use the new
research Facility for Antiproton and Ion Research facilities at GSI in
Darmstadt.

The main object of study in this work is the proton. The proton is known
to be a non-point-like particle formed by three quarks bound together by the
strong force. The proton structure can be studied via different experiments giv-
ing access to different observables and nucleon structure quantities depending
on the energy regime in which we are measuring. The present work combines
detector performance studies with investigations on two of such nucleon struc-
ture observables: the electromagnetic form factors (EMFE) of the proton in the
time-like domain of positive 4—momentum transfer and the transition distribu-

tion amplitudes (TDA)).

The [EMFFH in the space-like domain are directly correlated to the charge
and magnetic distribution of the proton. They have been very useful in under-
standing the proton structure. On the other side, only few measurements in
the time-like region have been done employing the processes pp — eTe™ or
ete” — pp [[1,2]. The statistics reached in these experiments do not permit a
separation of the Therefore, the in the time-like region are not
very well known. A better understanding of the in the time-like region is
needed to understand their behavior in the space-like region.

The describe the transition between a baryon and a meson. They
are new non-perturbative objects that can be accessed in hard exclusive cross
sections [3]].



1. Introduction

The experiment will be a modern, high energy physics detector
with full angular coverage, very good energy resolution, efficiency and particle
identification capabilities [4]. will allow the measurement of the
proton [EMFF in the time-like region with an unprecedented accuracy via the
process pp — e e . The validity of the approach will also be checked.

The backward endcap of the electromagnetic calorimeter (BWEMC) will
be a very important sub-detector of for the measurement of low energy
particles (mainly photons and electrons) emitted at backward angles. It will be
crucial for the measurement of the reaction jp — e*e~n. The energy resolution
and the efficiency of this detector are required to be sufficient for the identifica-
tion and reconstruction of the reactions of interest.

In this Thesis the feasibility of the measurements pp — ete™ and pp —
eTe ¥ has been studied. The energy resolution and efficiency of the m
have also been studied due to their importance in the reconstruction of these
channels.

After this short introduction, Chapter [2| gives the theoretical framework
of this work. The [EMFF are defined and different techniques to measure them
are described. Existing data are also shown. A short introduction to the is
exposed and the way they will be confirmed with is explained.

Chapter [3|describes the PANDA] detector. A short introduction of the [FAIR
facilities is presented together with an overview of the research that will be done

with|PANDA! Finally the whole experimental setup of the detector is laid out [4]].

Chapter {4 gives an overview of the software used for the simulations and
the main structure of the analysis procedures. The event generators have been
developed with EvtGen including radiative corrections like emission of photons
in the final state. The physics processes have been simulated using the GEANT4
transport code. The whole analysis and reconstruction software has been devel-
oped using C++ [4].

Chapter [5] shows the study of the energy resolution and efficiency of the
These simulations show the influence of the dead material introduced
by the mechanical support systems and cabling of other inner sub-detectors of
[PANDA| on the BWEMC| The achieved results show that BWEMC will have
an energy resolution and an efficiency sufficient for the reconstruction of the
reactions of interest, and therefore the construction of this detector as a part of

the whole [PANDA| setup is mandatory.

Chapter[6|presents the analysis of the simulations of the feasibility of mea-
suring pp — e e~ [3]]. First of all the achieved background suppression factor
is calculated and presented. The signal reconstruction efficiency has been cal-
culated using high statistics simulations at different energies. These results have



been used for the correction of the reconstructed signal. Finally the EMFF ratio
was extracted from a fit to the angular distribution.

Chapter [/| discusses the feasibility studies for the measurement of pp —
eTe~n°. Expected rates are calculated and the assumptions for the simulation of
the background are presented. Later the background contamination fraction is
calculated and the method to extract the signal from our measured events sam-
ple is explicated. The cross section is calculated from the number of corrected
events.

J’_

Finally, Chapter@ summarizes the results, the conclusion, and the outlook.






2

Theoretical framework

2.1 The building blocks of matter

The building blocks of matter as it surrounds us, are the nucleons (protons
and neutrons in the atomic nuclei) and electrons (around them). The electrons are
postulated as point-like particles, and no experiment so far is inconsistent with
this theoretical axiom. However, the experiments have shown that the nucleons
are not point-like particles, they have a structure. The discovery of the exis-
tence of quarks as elementary particles and underlying building blocks forming
the nucleon and the knowledge of the forces of nature (electromagnetic, strong
and weak) gave rise to the development of the Standard Model. The Standard
Model describes the interaction among the fundamental particles. According to
this, matter is composed of quarks (up, down, strange, charm, bottom and top)
and leptons (electrons, muons, taus and their corresponding neutrinos V., v, and
V), classified in three families. The quarks can interact via the strong, the elec-
tromagnetic and the weak forces. All of them are part of the Standard Model.
The electrons, muons and taus can feel both the electromagnetic and the weak
forces but the neutrinos can only interact via the weak force. The three forces
are carried via the gauge bosons. The strong force is carried by eight gluons, the
electromagnetic force is carried by the photon and the weak force is carried by
the W* and Z° bosons. These particles complete the set of particles in the Stan-
dard Model. Quantum electrodinamics (QED]), describing the electromagnetic
force, and the theory of the weak interaction are well understood and are ap-
plied in all energy ranges. Quantum chromodynamics as the relativistic
quantum field theory of strong interaction can at present not be used in the low
energy regime. The strong coupling constant increases at low energies giving
rise to problems in the calculations: perturbation theory doesn’t work for these
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e, kH ¢ Kk

Figure 2.1: Lowest-order electron-proton elastic scattering diagram.

energies. The understanding of the strong force at low energies on the other
hand can be tested by measurements of hadron structure observables. The stable
hadrons in nature are the proton and also the neutron when it is part of an atomic
nucleus. Understanding the nucleon structure in the low energy regime has been,
and it is still, a main topic in nuclear physics experiments. The detector
and its dedicated physics program will contribute to extend the knowledge of the
nucleon structure and of the strong force in the time-like region.

2.2 Electromagnetic form factors in the space-like
region

The proton’s anomalous magnetic moment was first measured by Stern
and collaborators in 1933 [|6], who found a value about 2.8 times larger than
what was expected for a spin—% Dirac particle. The proton, therefore could not
be point-like.

Today, a common way to study the proton structure is through the reactions
e p—e pete —ppand pp —ete .

The electron scattering reaction is described in Figure 2.1} There the
4—momenta of the initial and final electrons are represented by k* and k' re-
spectively, the 4—momenta of the initial and final protons are p* and p’#, and
the transferred momentum between both particles is g" = (K'# —k*).

In the space-like region, defined by the interchange of a photon with neg-
ative 4—momentum squared, ¢> < 0, the elastic proton structure can be disen-
tangled using electron scattering experiments off protons. We can redefine ¢ as
Q? = —¢? so that in space-like region Q% > 0. The cross section of the scattering
process

e p—ep (2.1)
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can be measured and compared to the well-known cross section for scattering of
spin %-particles without structure.

The electron vertex can be described exactly using in leading order
perturbation theory. The interaction occurs through the exchange of one virtual
photon Y* with 4—momentum squared ¢*>. The unknown nucleon structure is
contained in the proton vertex. In this approximation, called the Born approx-
imation, a simple formalism relates the cross section with the electromagnetic

form factors (EMFE).

The cross section for Reaction (2.1)) can be calculated from the Feynman
diagram in Figure The electron vertex can be exactly described using
as

= —ed(K*) v u(kH)e' KK (2.2)

The unknown nucleon structure is contained in the hadron vertex
T = ei(p' M) THu(pH)elw " —p")=", (2.3)

In Formulas and (2.3)), j* is the lepton current density, J* is the hadronic
current density, # and i are the column and row spinors describing the incoming
and outgoing electrons of momenta k* and k', and the initial and final protons
of momenta p* and p’#, y* is the Dirac matrix and the ' matrix represents
the hadron structure. The most general Lorentz-invariant form for I'# includes a
Dirac-y* and a Pauli-c*V¢g, term

I = |R (@)Y + ——F2(0%)ic"qy | (2.4)
oM,
Here Fy and F; represent the Pauli and Dirac EMFH respectively and M), is the
proton mass. The Formula together with Equation relate the hadron
current with the There F; and F;. F; and F; are two independent real
functions of Q2.

2.2.1 Pauli and Dirac form factors

In their first experimental papers [[7-9] Hofstadter and coworkers used the
following expression of the unpolarized cross section in the laboratory system
in terms of F7 and F»

doc o? E' 2
a@or (% & FZ—"—F2> 20
dQ |4 <4Ezsin4g) E [( Iampt2 €082
2 .
—2‘17% (Fi + F»)? sin® g] : (2.5)

in which o is the electromagnetic coupling constant, 0 is the electron scattering
angle, and E and E’ are the initial and final electron energies.
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They generalized the concept of “effective” charge and magnetic moment
by associating F and F, with the deviation from a point-like charge (Dirac form
factor) and the deviation from a point-like magnetic moment (Pauli form factor)
respectively.

The Pauli and Dirac form factors, F; and F3, are already defined at the level
of the hadronic current. Therefore they can be calculated by any models which
describe nucleon structure. On the other hand they appear in the expression of
the cross section and therefore they can be directly measured.

2.2.2 Sachs form factors

Later on, Sachs introduced the electric Gg and the magnetic Gj; form
factors [10] which are linear combinations of the Pauli and Dirac form factors

Gg=F—1F, and Gy = F| + F>. (2.6)

Q2

M3
form factors, the cross section in Equation (2.5) can be rewritten in a simpler
form, without an interference term

where T = is a kinematic parameter depending only on Q2. Using the Sachs

do 0 G%+1G?
= 21G3 tan? ~ + £~ "M 2.7
40y, oM |StOptan o+ 27
The term
40> E? ,9
Oy = —(QZ)ZFCOS 5 (28)

is the Mott cross section for relativistic scattering of electrons on point-like
hadrons.

The Sachs form factors parametrize the internal charge and magnetization
currents in the proton. Non-relativistically and also relativistically in the Breit
reference frame, they can be interpreted as the Fourier transforms of the spatial
distributions of the charge and magnetic moment densities, p.; and P,qg respec-
tively, [11]]

Ge(q?) = / pen(?) e T dE, 2.9)

Gu(qd®) = Wpn / Pimag(F) eV dF (2.10)

At 0% = 0, the form factors take the values of the static charge and static
magnetic moment of the proton (neutron), Gg = 1(0) and Gy = pp, = 2.79

(4 = —1.91).
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2.2.3 Rosenbluth separation experiments

The Rosenbluth separation technique [12], described in the following, is a
method that allows one to measure Gr and Gy, independently.

One can rewrite Equation (2.7)) as
do do 1 T
co=(5a) x——=|ct+ 6] 2.11
a0 (dQ)Mm [y [+ Gh 1D

where € = [1 +2(1+1)tan? g] ~!is the virtual photon polarization. By measur-

ing the cross section at different scattering angles but fixed Q> one can access
the electric and magnetic form factors using electron scattering.

To disentangle Gg and Gj, one defines the reduced cross section as

do et (do) e
_ v \dQJexp _ 2
red dQ ) Mort

This allows one to extract the form factors, taking advantage of the linear de-
pendence on €. A linear fit to the reduced cross section, at the same Q? but for
a range of different e-values, i.e. different scattering angles, gives %Gé as the
slope and G%,, as the intercept.

Since the very first measurements of the EMFF, their dependence on Q?
suggested a dipole structure of the form

1
Gp(Q*) = ———5—, (2.13)
p(Q7) (1+/%_%)2

with Ap = 0.84 GeV being a universal parameter. This corresponds to an expo-
nential charge distribution. The dipole behavior is consistent with measurements
for both G and Gy at the 10% level for 0* < 2 (GeV/c)* [28].

Assuming the dipole model, we have
GE = GD, GM = ,uGD, and GM = ,uGE (2.14)
and therefore, the ratio X = 1.

In Figure[2.2)one can see the results of various measurements of the EMFF|
in the space-like region using the Rosenbluth separation method. Both, Gg and
Gy are shown normalized to the dipole form factor in order to get rid of the
steep Q” dependence.

2.2.4 Polarization transfer experiments

The polarization method was suggested in 1967 by A. I. Akhiezer and
M. P. Rekalo [29}30]. Using a longitudinally polarized electron beam, the ratio
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method. The values are normalized to the dipole form. The data have been

10" 1 10, X
Q° [GeV7]

taken from References | | and replotted all together.

10



Electromagnetic form factors in the time-like region 2.3

between the longitudinal, P;, and transverse, Pr, polarization of the outgoing
proton with respect to the momentum transfer direction is proportional to the

ratio between Gg and Gy,
2 oc @ (2.15)
Pr Gu
This type of experiment could be realized only recently because it was necessary
to have a highly polarized electron beam with high intensity and high energy, and
to be able to measure the polarization of a proton with momentum in the GeV
range. By measuring a ratio, one expects higher precision because some system-
atic errors cancel. The surprising result was a significant deviation of the ratio X
from unity. Figure [2.3]shows data obtained at JLab using the polarization trans-
fer method [31,32] in comparison with results from the Rosenbluth separation
method [26,27,33]]. The discrepancy between the results of both methods can
be clearly observed in the plot.

A possible explanation for the discrepancy between the results extracted
from Rosenbluth separation and the recoil polarization measurements is con-
nected with the exchange of two photons during the interaction [34]. The first
calculations of the effects of the two photon exchange are shown in Refer-
ences [35,36] , and later in References [37,[38]. Among the two photon ex-
change effect, also missing higher order radiative corrections to the unpolarized
cross section have been advocated, but this corrections cancel to first order in
the polarization ratios [39].

2.3 Electromagnetic form factors in the time-like
region

Figure 2.4 shows the Feynman diagram for the annihilation of protons into
electrons, which is intimately correlated by crossing symmetry with the diagram
in Figure Here the transferred momentum ¢ corresponds to the total energy
available in the center of mass reference frame, s. In the space-like region, the
transferred momentum is defined as

q2: (k“—k’“)zz (p“—p'”)z. (2.16)

By crossing symmetry the values of the 4—momenta in the space-like region
would be

p, p" — p,p}, (2.17)
v — b, —p}, (2.18)
e K = e kR, (2.19)
e kM — e, =k, (2.20)
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Figure 2.3: Ratio between Gg and Gy using polarization transfer ex-
periments (full circles and squares) [31,[32], compared with the results
from Rosenbluth separation experiments. Open and full triangles are JLab
Rosenbluth results [[26,27] and the rest of open symbols are other world
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=
=
i

e, kl

P, P# (3+, kffi
Figure 2.4: Annihilation of protons into an electron-positron pair. It corre-
sponds to the crossed symmetry process of electron-proton elastic scatter-
ing

and therefore
s=q" = (pl+ph)*. (2.21)

The value of ¢? in the time-like region will be always positive.

The matrix element for the annihilation process is

It = |F(Q*)Yy" - LFQ(QZ) ic"Vgy| . (2.22)
M),
The definitions of the Sachs form factors also hold in the time-like region. Here
the are complex functions of ¢* and their correlation with the charge and
magnetic densities inside the nucleon is not straight-forward. Nevertheless, the
unpolarized cross section, and assuming one photon exchange depends only on
the absolute values of Gg and Gy,

do ol

dcos® 821, /t(t—1)

where 0 is the electron production angle in the center of mass system with re-
spect to the direction of the pp pair (see Figure [2.5]).

The [EMFF|in the time-like region (¢> > 0) have been measured with poor
statistics above g°> = 5 GeV?2. They can be accessed via annihilation processes
like

[t|Gu|*(1+cos?8) + |G |*sin*6],  (2.23)

ete” — pp (2.24)

or
pp—ete (2.25)

However, they can not be accessed for values of the ¢*> < 4 - M2, due to
the energy threshold fixed by the proton mass, M. In Figure @ one can see
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2. Theoretical framework

CM

o

Figure 2.5: Definition of 0 angle in pp — e e~ annihilation process.

a summary of the definitions of the space-like and time-like regions and which
parts of them are accessible with electron scattering or annihilation experiments.

This differential cross section was first obtained by Zichichi and collabo-
rators in 1962 [40].

In the time-like region the separation of Gg and Gy, is from the experimen-
tal point of view less sensitive to the normalization than in the space-like region,
because they can be extracted directly by fitting an angular distribution to the
differential cross section at fixed total energy squared s = ¢°. In the space-like
region at least two measurements at different angles but fixed ¢* are required
for the traditional Rosenbluth separation. For this both the beam energy and the
detection angle have to be changed in the experimental setup.

The cross section in Equation (2.23)) is intimately related to the Rosenbluth
formula by crossing symmetry. The even dependence on cos? 0 is a consequence
of the one-photon exchange formalism [41]].

2.3.1 Polarization observables

The availability of polarized beams and targets permits also the access to
the phase between the electric and magnetic form factors. The first expression
including polarization observables in terms of the[EMFF was given in Reference
[42]]. In this paper, they propose the measurement of the integral asymmetries
Ap; 1 (0,0) and A ;) (9,0), defined as

aM
_ e

2G>+ |G >

|GE||Gup|siny,

Ao 1 (2.26)
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P°<0 o> >0
space like time like
4AM?2

7 6 5 -4 -3 -2 -1

electron scattering annihilation

Figure 2.6: Space-like and time-like regions. The space-like region is de-
fined for values of ¢*> < 0, and the can be accessed via electron scat-
tering experiments. The time-like region is defined for values of ¢*> > 0,
and the can be accessed via annihilation experiments starting from
the threshold ¢° = 4M12,. The region between ¢> = 0 and ¢*> < 4M127 is called
unphysical region and can be accessed via reactions like pp — et e~ n°.

measurable with an unpolarized antiproton beam and a transversely polarized

proton target, and
aM

N

2G>+ 4£ |Ge 2

|Ge||Gum|cosy,

A= (2.27)

measurable with a perpendicularly polarized antiproton beam and a longitudi-
nally polarized proton target. The phase difference between the form factors,
X = XM — XE- 1S then directly correlated with the integral asymmetries by

Ao,
tany = — ﬁ (2.28)

In the framework of two-photon exchange all expressions of the observ-
ables for pp — e"e~ were derived in Reference [43] and for ete™ — pp in
Reference [44].

2.3.2 Necessity of a luminosity measurement

The measurement of the luminosity is crucial to connect the angular dis-
tribution with the cross section via
do 1 d°N
dcos®  Ldtdcos6’

(2.29)
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2. Theoretical framework

and therefore important for the separation of the EMFEF| in the time-like region.
In the cases in which a luminosity measurement is not possible the extraction

of the ratio, R = %,
distribution to

between the [EMFF is still possible fitting the angular

N(cos8) = A [t(1+cos*0) + R *sin”6] , (2.30)
where A is a normalization parameter related to the luminosity.

Due to low statistics, the unpolarized data available so far in time-like
region do not permit the separation of the electric and the magnetic form factors
with a fit to the cross sections of Reactions and (2.23). In these cases
the EMFH have been extracted under the assumptions |Gg| = |Gu| or |G| =0
from the measurement of the integrated cross section. The second assumption
is completely arbitrary and the first one is strictly valid only at threshold (¢ =
4M[27). There are no theoretical constraints why the first assumption should hold
for ¢* > 4M12,. The difficulty of availability of polarized antiproton beams has
also limited the measurement of polarized observables. The knowledge of the
in the time-like region is currently very poor and the measured relative
errors are about the 50% level while for the the space-like region the amount of
available data is greater and the errors are of the order of 4-5%.

Figure 2.7 shows the extracted magnetic form factor |G| in the time-like
region as a function of the transferred momentum ¢>. The data points have been
extracted under the assumption of |Gg| = |Gy

In Chapter [6|in this Thesis it is shown using simulations for the determi-
nation of the that PANDA| will allow to extend the [EMFEH data set with
high precision measurements up to ¢> < 14 GeV/c>.

2.3.3 Differential cross section and counting rate for the sim-
ulation of the process pp — ete™

The differential cross section for the annihilation process

pp—ee, (2.31)
is given by Equation (2.23)
The total cross section is:
2
Y1104
c= ¢ (21|Gu|* +|Ge|?) - (2.32)

6M2t\/t(t—1)

Evaluations of cross sections and counting rates require a knowledge of
the For the numerical estimates below, we use a parametrization of |G|
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Figure 2.7: World data on the |Gy| form factor, as extracted from the mea-
sured integrated annihilation cross section assuming |Gg| = |Gy .
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Figure 2.8: Parametrization of |Gy|: plot of Formula (2.33).

from [45]],
_2 —1
2 2
14 1
3.6 [(Gewc)z]

q

Gyl =225 1+
0.71 [(Gewc)z}

, (2.33)

where the numerators are constants fitted on time-like data. Equation (2.33))
gives a conservative estimate of the yield at large ¢>. Figure shows a plot of
this parametrization of |Gg|.

As the time-like |Gy| values have been extracted from cross section mea-
surements assuming |Gg| = |Gy|, the same hypothesis is taken for counting
rate estimates using Equation (2.32)). Evaluations of cross sections and counting
rates have also been performed using a QCD inspired parametrization based on
an analytical extension of the dipole formula of Equation (2.13) to the time-like
region, where Q7 is replaced by ¢°. Corrections based on dispersion relations
have been suggested in Reference [40],

D

68501 =
EME 52 [log?(s/A2) +72]

, D = 89.45 [GeV/c]*. (2.34)

In Equation (2.34), 9D is obtained fitting the experimental data and A = 0.3 GeV
is the QCD scale parameter. The calculated cross sections 6(Ggcp) and number
of counts N(Ngcp) are given in Table @ assuming an integrated luminosity of
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L =2fb~!, which is expected for each data point in four months of data taking,
with 100% efficiency and full acceptanc It is assumed that |Gg| = |Gy|. The
numbers are calculated from Equations (2.33)) and (2.34)), respectively.

s p Y N Socp  Nocp
[GeV/c]*> [GeV/c] [pb] [pb]

5.40 1.7 538 1.1-10° 481 9.6-10°
7.27 2.8 72 14-10° 69 1.4-10°
8.21 3.3 32 64-10* 33 6.5-10%
11.0 4.9 452 9.1-10° 548 1.1-10*
12.9 5.9 1.60 3.2-10° 2.00 4.3-10°
13.8 6.4 1.00 2.0-10> 140 2.8-10°
16.7 79 029 580 0.49 979
223 109  0.04 81 0.09 183
27.9 134 0.01 18 0.03 51

Table 2.1: Cross section 6 (6gcp) and number of counts, N (Ngcp) from
Equation (2.33)) (Equation (2.34)) corresponding to an integrated luminos-
ity of £ =2fb~!, for different values of g> = s and of the antiproton mo-
mentum, p.

2.3.3.1 Event generator for pp — e"e™

The event generator for the reaction in Equation (2.31) is based on the
angular distributions from Equation (2.23)), using Equation (2.33)) for |Gy|.

Three different hypotheses were taken for |Gg|. Besides the case |Gg| =
|Guml, (R = 1), which is strictly valid only at threshold, the case ® = 0 and the
case R = 3 (as suggested in Reference [47]), were also considered. The corre-
sponding angular distributions were built keeping the same total cross section
at the same ¢°. These distributions are shown in Figure for ¢> = 5.4, 8.2,
13.8 (GeV/c)?. The reported error bars are statistical only. The sensitivity to &,
decreases with increasing ¢, due to the falling cross section and the relative
weight of the magnetic term, which grows with ¢> as indicated in Figure
This Figure shows the calculated total cross section (blue solid line) under the
assumption |Gg| = |Gy|. One can easily see that the contribution of the mag-
netic term to the total cross section (blue dotted-line) is much bigger than the
electric contribution (red dash-dotted-line). The contribution of the second de-
creases strongly with ¢.

I'This value will be always used below, except when explicitly indicated.
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Figure 2.9: Angular distributions in center of mass from the pp — eTe
event generator, at g> = 5.4, 8.2, and 13.8 (GeV/c)?, and three different
hypothesis: X = 0 (black solid circles), X =1 (red triangles), and R =3
(black open circles), keeping the same value of the total cross section.

First order radiative corrections were taken into account in the simulations
by using the package PHOTOS [51].

2.3.4 Study of background channels to pp — ete™

Reactions involving two or more hadrons in the final state constitute an
important background to the measurement of lepton pairs.

Due to the compactness, the good angular coverage and the good tracking
resolution of the detector (see Chapter [3) channels with three or more
hadrons in the final state will be very efficiently identified. The cross section for
channels involving three pions is known to be at most one order of magnitude
larger than two pion production. A reasonable cut on the missing mass in events
with two observed particles should give a rejection factor of at least a factor of
hundred for 37 final states.

The larger background is then expected to come from pp — n’n°, pp —
ntn~ or pp — KTK ™. The cross section for the neutral (charged) hadron pair
production is about five (six) orders of magnitude larger than for the reaction in
Equation . For 11t production, e*e™ pairs are produced from nt° decay
photons, in particular in the beam pipe before the tracking system. In addition
Dalitz decay, ©° — eTe Yy, with a probability of 10~2 can also produce ee™
pairs.
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Figure 2.10: Contribution of G¢ and Gy, terms to the pp — eTe™ total
cross section as a function of ¢> based on Equation (2.32).

For charged hadron pair production, both hadrons can be misidentified
as leptons. For kaon production, the probability of misidentification is lower
and the kinematic constraints are more efficient, due to the larger kaon mass.
Therefore, this channel has not been considered for simulation and analysis.

The largest background to the reaction in Equation (2.31]) comes then from
pp annihilation into two charged or neutral pions. Detailed simulations have
been dedicated to the two-pion case.

2.3.4.1 Simulations of pp — 17~ and pp — n’n° reactions

The angular distributions for charged and neutral pion pair production
were extrapolated from a parametrization of the data in References [48-50} 52
54]. For s < 6 (GeV/c)z, the existing data in References [48,52,53] were fitted
by Legendre polynomials. For larger s the behavior of exclusive processes is
driven by dimensional counting rules, thus the differential cross section of the
pp — T process can be parametrized as [55,56]

do | g
i Cs °f(0) (2.35)

where 6 is the center of mass angle of the ™, ¢ is the Mandelstam variable and
the function f(0) depends on the reaction mechanism. In the framework of the
quark interchange dominance model [S7]],

1

F®) =50 — )21 —2) 2+ (142)"3?, z=cosb. (2.36)
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Figure 2.11: Angular distributions in center of mass used to simulate
the pp — T~ reaction for s = 5.4 (GeV/c)? (blue dotted line) for s =
8.21 (GeV/c)? (green solid line) and s = 13.5 (GeV/c)? (red dashed line) as
a function of the cosine of the ©~ production angle. Data are from Refer-

ence [@] (squares) and from References [@,@] (circles).
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Figure 2.12: Angular distribution of pions produced in pp — 77’ anni-
hilation, for s = 8.47 (GeV/c)? (red circles) and s = 18.26 (GeV/c)? (blue
squares). Data are from Reference [54].

C = 440mb (GeV/c)'* is a constant, which can not be currently predicted
by QCD, and it is determined from 7' p elastic scattering at momentum
10 GeV/c and cos 0 = 0. The model predictions were symmetrized (dc(0)/dt —
[do(0)/dt + do(m — 0)/dt]/2) and readjusted in the region around 90° at each
s value to get a better agreement with the data. The results of the event gen-
erator are shown in Figure for s = 5.4(GeV/c)?, s = 8.21 (GeV/c)? and
s = 13.5(GeV/c)? and compared to data obtained in References [48-50].

For exclusive n°n® production at high energy the following parametriza-
tion was taken

do f(5,0)
dcos6 s6(\/_/s)

RAC Za, Pi(cos9) (2.37)

where P;(cos0) are Legendre polynomials fitted to the data from the experiment
E760 at Fermilab, in the kinematic range (8.5 < s < 18.3) GeV/c [54], as shown
in Figure 2.12] The quality of the fits can be seen in Figure 2.12] where two

examples of differential cross sections for pp — n°n® are shown.
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For both reactions, the extrapolation to |cos0| = 1 is affected by a large
uncertainty, as no data exist at high energy. Therefore, in the following, only the
angular region |cos8| < 0.8 will be considered, in particular for the evaluation
of statistical and systematic errorﬂ In this region, the ratio of TV~ to eTe™
cross sections varies from 10° at |cos8| = 0 to 3-10° at |cos8| = 0.8. On the
basis of these numbers, the background rejection should be larger than 3 - 10°
(3-10%) for ntn~ (n°n°) in this angular range to limit the background to the
0.1% level.

2.4 'Transition distribution amplitudes: the
reaction pp — ete

The transition distribution amplitudes [3] are new universal non-
perturbative objects describing the transition between two different particles.
They are an extension of the concept of general parton distributions (58],
which contain information about nucleon structure. The proton-to-meson
are defined from the Fourier transform of a matrix element of a three-quark-
light-cone local operator [59]]

O (21, 22.23) = Eeyeacy PG 4 (@) WP (2) ¥ (23) |, (2.38)

i

between a proton and a meson state. Here o, 3, andy stand for quark flavor in-
dices, p, T, and ), denote the Dirac indices and c; 2 3 are indices of the color

group.

The [TDA] can be used to calculate the cross section of hard exclusive pro-
cesses. Leading-twist amplitudes can be factorized in a perturbatively calculable
process at quark level convoluted with the non-perturbative object which are the
TDA

Due to this non-perturbative character, the can not yet be calculated
ab initio. Therefore models had to be constructed. There exist models that de-
scribe baryonic [60] in terms of spectral functions known as quadruple dis-
tributions, using chiral symmetry and the extension of soft pion theorems for TN
TDA as a boundary condition. One may also construct a simple resonance ex-
change model for TN TDA considering N and A(1232) exchange contributions.
A reasonable two-component model [61]] contains both a factorized ansatz for
quadruple distributions with input from the soft pion theorem and a contribution
from the nucleon exchange in the u-channel of the reaction.

The experimental way of testing the validity of the approach is to
measure the cross section for hard exclusive processes and compare the exper-

ZNote that the electron identification efficiency also becomes very low above |cos8| = 0.8.
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imental results with the values given by the calculations done using the [[DA
model.

2.4.1 Cross section of pp — ete n” at small momentum
transfer

The cross section for pp — e*e~n” has been calculated in [62] using the
DAl approach for small values of the momentum transfer ¢ and large total en-
ergy W, which corresponds to a center-of-mass angle of the pion 67, close to
zero.

Figure [2.13[shows the factorization of the process pp — y* into antipro-
ton distribution amplitudes (DA), the hard sub-process amplitude (M},) and the

p — n[IDA]

ﬁ(p?) *
N 7*(q)
AN
DA/ ¢
ls M,
ki AAA ks
TDA
A o

p(pp) ~ 1 (pr)

Figure 2.13: Factorization of pp — n%y* — nlete™ using the ap-
proach.

All the calculations have been done for A7, = 0 (see Figure @) M, <

W and my; = 0, where ATno is the transverse momentum of the 7° in the center
of mass system, M), is the proton mass and my is the pion mass.

The main Formulas in Reference [[62]] which needed to calculate the cross
section of this process are

—12
ds - fd(Pg M pp—Hem0
dtdg*dcos®,  64W2(W?2 —4M3)(2m)?’

(2.39)
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Here @y represents the polar coordinate of the leptonic decay, 0, is the
azimuthal angle of the lepton pair, both defined in the center of mass system of
the virtual photon, Y*, fy ~ 5.2- 1073 GeV?, f; = 131 MeV is the pion decay
constant and |I| = 1.28- 10 is given by themodel (63,64].

Combining the previous expressions we can obtain an explicit expression
for the differential cross section at ATno =0:

do 1
-~ —K
dtdQ?dcos 9y Az =0 W2 —4M? (Q?)3

(1+cos?8y), (2.42)

where K is defined as:

_ (4ma)*(4mou)* 3 |17
K= 16-542(2n)3f2 - 4

In this Formula o,y = 0.3 is the strong coupling constant.

Measurements of the cross section are necessarily done in physical regions
of phase space with non-zero volume, i.e. the cross section has to be integrated
over finite values of Az , and QZ. Following Reference [62], the differential cross

section in Equation (2.42) can be extrapolated up to a ¥ transverse momentum
Ar, <0.5GeV/c, and integrated in the kinematic region defined by the Az, and

Q7 integration limits using

A?:%‘% (t—2§
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Figure 2.15: Cross section of pp — eTe i’ at Ar, = 0, for w? =
5,10, and 20 (GeV/c)?.
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W2 qzun qulax Nevem‘s
[(GeV/c)?] [(GeV/c)?] [(GeV/c)?]

5 3.61 4.41 150 000

10 5.76 9.18 6000

Table 2.2: Number of expected signal events, pp — ete n°, calcu-
lated from integration of the differential cross section (2.42) in the two-
dimensional bin defined by Az, < 0.5 GeV/c and the Cooin < G* < @ TOr
different values of center of mass energy squared, W2, corresponding to an
integrated luminosity of £ =2fb~!.

Figure [2.15| shows the cross section calculated in Formula [2.42] integrated over
the lepton azimuthal angle for three values of W?2. This differential cross section
serves as input for a newly created event generator for the simulation and is used
to calculate the expected statistics for an integrated luminosity of £ = 2fb~!.
The experimental study of the feasibility of measurement of this cross section
with is shown in Chapter in this Thesis.

2.4.1.1 Signal event generator

The differential cross section given by the Equation (2.42) presented in
Reference [[62]] has been used as a basis to develop an event generator for the
process

pp—ete . (2.45)

This differential cross section has been calculated in the limit A7, = 0, when

the ¥ is emitted with zero transverse momentum (see Figure [2.14), i.e. either
in forward or in backward direction. Therefore, the event generator only takes
into account ¥ emitted forward or backward along the z-axis. To calculate the
number of expected events corresponding to a given value of the integrated lumi-
nosity, this cross section has been extrapolated up to a ¥ transverse momentum
Ar, <0.5GeV/c and integrated in a kinematic region between qiin and g2,

for two different values of the center of mass energy squared, W2 = 5 (GeV/c)?
and W2 = 10 (GeV/c)?, respectively.

Table shows the expected number of signal events, pp — eTe n’, in
these two kinematic regions for an integrated luminosity of £ = 2fb~!. These
values of the integrated cross section and number of expected events are the ones
used later for the analysis.
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2.4.1.2 Background cross section and event generator

An important part of the analysis is the study of the reachable background
suppression. The major background channel to (2.45)) is 3-pion production,

pp =t al. (2.46)

Currently, there are so far no experimental measurements in the kinematic region
of interest and neither a theoretical calculation of the cross section for the above
process is available. Therefore, several assumptions have been taken in order to
have a starting point for the simulations.

First, it has been assumed that the cross section of the background is up to
10° times higher than the cross section of the signal. There is no strict theoretical
reason to do so, but this is the same signal to noise ratio as for the channel
pp — ete” in the study of the Electromagnetic form factors of the proton in
time-like region (Chapter [6)).

Second, because the angular distribution of the background is also un-
known, the most conservative ansatz has been chosen, namely the same angular
distribution has been used to simulate signal and background. This represents the
worst condition to separate signal from background, and is thus the best election
for a starting point. If all the background is rejected in this case, we expect that
with another angular distribution, the background rejection will be at least the
same or better.
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3

The PANDA| experiment at |FAIR

This Chapter is presented as a summary of the Conceptual Design Report
developed in Reference [4], therefore most of the information is extracted di-
rectly from this Reference. The setup of and an overview of the complete
physics program is explained. The characteristics of the Facility for Antiproton
and Ion Research are also briefly introduced, and the main storage ring
for the antiproton beam, the High Energy Storage Ring (HESR)), is described.

3.1 |FAIR|and the HESR

The future Facility for Antiproton and Ion Research (Figure [3.1))
that will be build at GSI (Helmholtzzentrum fiir Schwerionenforshung) in Darm-
stadt will be a facility for research with antiprotons and ions [65]. This project
considers the use of the current accelerators available at GSI to be upgraded and
used as injectors for the new installations. The main element of will be a
double ring accelerator for antiprotons with a 1.1 km of perimeter. Connected
to it there will be a complex of storage rings and experimental halls. is
one of the major projects of [FAIR] It will be located in the High Energy Stor-
age Ring (HESR) to make use of the accumulated antiproton beam. The [HESR|
will be dedicated to provide with high-quality antiproton beams with a
momentum range between 1.5 to 15 GeV/c. Pre-cooled antiprotons will be in-
jected with a momentum of 3.8 GeV/c. The HESR| will work at the beginning
as a slow synchrotron to bring the beam to the desired energy and then as a
storage ring. Both, electron- and stochastic-cooling systems are necessary to as-
sure the required beam quality. The will have two operation modes. The
high luminosity mode, with beam intensities up to 10'! antiprotons stored in the
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Figure 3.1: |FAIR|facility at GSI.

HESR and a momentum spread of A2 1074, will be used for experiments that
require high statistics. The high resolution mode, with momentum spreads on the
order of 22 ~ 10~ and beam intensities slightly lower (~ 10'0), will be useful
for high precision physics experiments. Together with the proton target foreseen
for the experiment, the luminosities achieved in each mode are expected
to be of 2- 10*? cm2s~! for the high luminosity mode and 2- 103! cm=2s~! for
the high resolution mode.

3.2 Physics program of PANDA

The experiment will use the antiproton beam from the hit-
ting an internal proton target, and a general purpose spectrometer to carry out a
rich and diversified hadron physics program. The experiment is designed to fully
exploit the extraordinary physics potential arising from the availability of high-
intensity, cooled antiproton beams. The aim of the rich experimental program
is to improve our knowledge of the strong interaction and of hadron structure.
Significant progress beyond the present understanding of the field is expected
thanks to improvements in statistics and precision of the data.

Many experiments are foreseen in |PANDA| The most important fields of
research are exposed very briefly in the following.
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3.2.1 Electromagnetic processes

Electromagnetic processes are the processes studied in this Thesis. They
summarize a class of processes in which a photon (real or virtual) couples to
the electromagnetic current of a proton or an antiproton, thus being sensitive
to nucleon structure observables. The measurement of the process pp — eTe™
for example will allow the determination of the electromagnetic form factors
(EMFF) of the proton in the time-like region over an extended ¢> range with
unprecedented accuracy. Also the study of the transition distribution amplitudes
(TDA) via the channel pp — ete n” will open a new way to study how the
transition between baryons occurs. Feasibility studies for the measurement of the
channels pp — eTe™ and pp — ete ¥ are presented in this Thesis (Chapters
6] and [7). The main problem in the reconstruction of these channels is the large
hadronic background, 10° times higher in average only for pions. Good tracking
and momentum reconstruction capabilities, and very good particle identification
are required for a clean identification of the signal channels.

3.2.2 bound states

The study of bound states of quarks and gluons in the charmonium region
is fundamental for a better and quantitative understanding of the theory. Using
non-relativistic potential models, effective field theories and Lattice @] dif-
ferent particle spectra can be computed. To be able to distinguish between the
different theoretical approaches and to identify the relevant degrees of freedom,
precision measurements are needed. The search for other exotic states as gluonic
hadrons (hybrids and glueballs), multiquarks and molecular states will be also
an important point in this field. Due to the high resolution mode of the
precision scan of the line width of recently observed exotic resonances (so called
X, Y, Z—states) can reveal their nature.

3.2.3 Non-perturbative dynamics

Using the quark picture, the pair production of hyperons either involves the
creation of a quark-antiquark pair or the ejection of such pairs out of the nucleon
quark-see. By measuring reactions of the type pp — Y'Y, Y denoting a hyperon,
the quark-antiquark creation mechanism can be studied. The OZI rule, which
explains why certain decay modes appear less frequently than expected, and its
possible violation can be tested for different levels of disconnected quark-line
diagrams by comparing several reactions involving different quark flavors.
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3.2.4 Study of hadrons in nuclear matter

The study of medium modifications of hadrons embedded in hadronic
matter is directed to understand the origin of hadron masses in the context of
spontaneous chiral symmetry breaking in [QCD| and its partial restoration in a
hadronic environment. So far experiments have been focused on the light-quark
sector. The high-intensity p beam of up to 15 GeV/c will allow an extension
of this program to the charm sector for hadrons with hidden and open charm.
The in-medium masses of these states are expected to be affected primarily by
the gluon condensate. The extremely narrow states in the charm sector, like for
example the J/y, will increase the sensitivity for such medium modifications
enormously.

3.2.5 Hypernuclear physics

Hypernuclei are systems in which an up or down quark in a nucleon is re-
placed by a strange quark, thus yielding bound states of nucleons and hyperons.
In this way a new quantum number, strangeness, is introduced into the nucleus
and allows for the study of nucleon-hyperon interactions. Single and double A-
hypernuclei were discovered many decades ago but only 6 double A-hypernuclei
are currently known. The availability of antiproton beams at will allow
efficient production of hypernuclei with more than one strange hadron, mak-
ing competitive with experiments planned at J-Park. The presence of a
strange quark in the nucleon, not subjected to the Pauli principle like the other
nucleons, opens perspectives for nuclear structure spectroscopy. In addition the
forces between hyperons and nucleons can be studied in these experiments.

3.2.6 Electroweak physics

The high-intensity p beam available at the [HESR|allows the possibility of
observing rare weak decays due to the high cross section for D-meson produc-
tion. This would be useful to test predictions of the Standard Model and search
for new physics. For example for testing CP violation via hyperon decays of the
order of 100 reconstructed decay events are required. This statistics would be
reachable within a year of measurement with under ideal conditions:
good vertex reconstruction and excellent particle identification in forward and
backward directions.

A more detailed description of the PANDA| physics program and its impli-
cations can be found in Reference [4].
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3.3 Detector overview
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Figure 3.2: Artistic view of the PANDA| detector .

To fulfill the ambitious physics program, the detector needs to
have certain characteristics. The experiment uses a fixed-target, with the conse-
quence of the boost due to the center of mass motion. One of the main objec-
tives of the detector is to achieve 471 acceptance and high resolution for track-
ing and momentum reconstruction. Therefore an arrangement that uses a target
spectrometer surrounding the target region and a forward spectrometer cover-
ing small angle tracks is foreseen. Good particle identification (PID)), calorime-
try and high rate capability are also required. Detectors to fulfill these require-
ments have been developed for both parts of the spectrometer. In this Section
an overview of the detector described in Reference [4] is shown. In Fig-
ure(3.2|one can see an artistic view of thedetector setup. In the following
the components of all detector subsystems are briefly described.

3.3.1 Target spectrometer
The target spectrometer consists of different detectors arranged in various

layers. They are placed inside a solenoid magnet which will provide a highly
homogeneous magnetic field in the region of the target and tracking detectors.
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All the subdetectors will be arranged in three different sections. A for-
ward end-cap to cover forward angles up to 5° in the vertical direction and up
to 10° in the horizontal direction, a barrel part covering angles between 22° and
140° and a backward end-cap region covering angles between 145° to 170°.
Part of this work has been the study of the backward endcap of the electromag-
netic calorimeter (BWEMC), placed in the backward region (Chapter [3)). A cut
through the target spectrometer is shown in Figure[3.3]

Barrel
Electromagnetic
Calorimeter

Forward End-Cap
Electromagnetic
Calorimeter
Backward End-Cap
Electromagnetic
Calorimeter
Drift Chambers
Beam
I
Straw Tube
Tracker
Target
Micro Vertex
Detector

Figure 3.3: Cut through the target spectrometer .

The beam pipe will be intersected by a vertical conduit required for the
injection of the target material of frozen hydrogen pellets. In the barrel part,
surrounding the target region, the tracking detectors will be placed at the inner-
most layer. The micro vertex detector (MVD]), composed of silicon pixel strip
detectors, will be used for high precision tracking and displaced vertex recon-
struction. A straw tube tracker (STT]), will be placed around the to fulfill
the requirements of the tracking system. After the tracking detectors a detector
for internally reflected Cherenkov light (DIRC) and time-of-flight (TOF) sys-
tems are foreseen for the [PID] These detectors will be placed on the inside of
the barrel electromagnetic calorimeter M]), which will be used to reconstruct
the shape of electromagnetic showers and measure the energy of electrons and
photons. Using the shower shape information, also discrimination against neu-
tral mesons is possible with this detector. All these detector systems will be
placed inside a super-conducting solenoid. This solenoid will provide a highly
homogeneous magnetic field of 2 T parallel to the beam direction. Detectors for
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Figure 3.4: Artistic view of the BWEMC]|of [PANDA

muon identification will be interleaved with the iron yoke of the solenoid mag-
net. In forward direction, additional tracking stations and an end-cap Cherenkov
detector as well as the forward endcap of the electromagnetic calorimeter are
foreseen. The BWEMC| will mainly cover the backward part of the spectrometer
(~145° to ~167°). This detector is especially important for this work. Simu-
lations have been done to check its energy resolution and efficiency. The re-
sults can be found in Chapter [5] A picture of the BWEMC] can be seen in Fig-
ure @ Due to the fixed target kinematics, the barrel and backward section of
the target spectrometer measures lower energy particles. For momenta larger
than 800 MeV/c, the [DIRC]| provides pion-kaon separation [4]]. [PID] for slower
particles will be provided by energy loss measurements in the tracking detectors
and by the [TOF detector.

3.3.1.1 Target system

Different considerations are under study for the realization of the target
system. The geometrical constraints as well as the necessities for developing the
programmed experiments have to be taken into account. Basically, two different
options are contemplated for the main physics program: a cluster jet target and
a pellet target. In addition, other kind of targets could be used for the nuclear
physics program or for the hypernuclear program.

37



3. The [PANDA|experiment at|FAIR

Cluster jet target

The possibility of a cluster jet target is under intense study due to the
high homogeneous profile that can be achieved. This is the main advantage of
this kind of target. It consists of a narrow supersonic jet of hydrogen clusters
produced after the injection of pressurized cold hydrogen gas into the vacuum
through a specially shaped nozzle. The size of the clusters can be adjusted by
the gas pressure between 10° to 10° hydrogen molecules, tending to become
larger at higher inlet pressure and lower nozzle temperature. Over the time the
experiment will be running, the density of the cluster jet can be adjusted to keep
the instantaneous luminosity constant as the number of antiprotons in the
decreases with the number of interactions. The main disadvantage of this kind of
target is the uncertainty in the determination of the interaction position, due to
the lateral spread of the cluster. The target extension can be of the order of sev-
eral millimeters, and the precision on the determination of the interaction point
has to rely basically on the precision of the tracking system in the determina-
tion of displaced vertices. In addition, the demands of require a higher
cluster density in comparison to currently achieved values. A target density of
8- 10! hydrogen atoms per square centimeter is achieved with a nozzle proto-
type using the exact geometry of [67]. More research is being done to
increase this density.

Pellet target

The pellet target device will produce a stream of frozen hydrogen pellets
falling past the p beam. A standard achievable pellet production rate is on the
order of (1.0 —1.5) - 10*s~! with pellets sizes of 25 — 40 um, and velocities
about 60 m/s. At the interaction point the pellet stream has a lateral spread of
the order of 6 ~ 1 mm. The distance between the pellets varies between 0.5 to
5 mm. The main advantage of this system is the achievable high resolution in the
determination of the vertex position. Due to the large interaction time between
the pellet and the beam the number of produced reactions will be high enough to
reproduce exactly the pellet position statistically. In addition a tracking system
for the pellets is also being considered. The expected resolution on the vertex
position determination is about the 50 wm. This kind of target is currently used at
the WASA at COSY experiment [68] and was previously developed at TSL [69].
The design of the |PANDA| pellet target is based on the COSY device. The main
inconvenience of this kind of target is the large variation of the instant luminosity
that can occur. A strong variation in the instantaneous luminosity results in a
major challenge in coping with large associated fluctuation of the particle rates.
Investigations to improve the luminosity variations are carried on.
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Other targets

Other kind of targets, as liquid He target or polarized *He are under inves-
tigation to extend the research capabilities [[66]]. For solid target materi-
als, a wire target is considered. For the hypernuclear program, the whole target
region and upstream end-cap of the detector has to be redesigned. A
primary and a secondary target, as well as appropriate detectors are necessary
for this research [[70].

3.3.1.2 Tracking system

The tracking system of the target spectrometer of will consist of
three subdetector systems. The surrounded by the in the central part
of the target spectrometer and in the forward direction completed with a detector
based on gas electron multiplier stations.

Micro vertex detector

The is the closest detector to the interaction region. Its design is
thought to achieve the maximum acceptance possible. Its main purpose is the
reconstruction of secondary decay vertices of short-lived particles like hyperons
and strange and charmed mesons. It will also improve the transverse momentum
resolution.

The design of the is based on radiation-hard silicon pixel detectors
with fast individual pixel readout circuits and silicon strip detectors. A four-layer
barrel detector with an inner radius of 2.5 cm and an outer radius of 13 cm is
foreseen. In addition, eight detector wheels arranged perpendicular to the beam
in forward direction will contribute to the improvement of the acceptance and
will help in the reconstruction of hyperon cascades.

The two innermost barrel layers and the four first wheel layers will be
made entirely of silicon pixel detectors. The two outer barrel layers and the last
two wheels will consist of double-sided silicon strip detectors. The rest of the
perpendicular wheels will be a combination of pixel and strip silicon detectors.

Straw tube tracker

The is a cylindrical gas detector with a total length of 1.5m and a
maximum outer radius of 420 mm [71]. The total angular coverage of this detec-
tor goes from 6 ~ 8°to 6 ~ 160°. Its building-block unit is an aluminized Mylar
foil rolled up to a tube with an anode wire inside. The diameter of each tube is
1 cm and they are arranged forming an hexagonal shape around the The
straws are filled with an Argon and CO; gas mixture to be operated at a stabiliz-
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ing overpressure of 1 bar (i.e. a total pressure of 2 bar). This renders the straws
self supporting. Charged particles traversing the gas volume ionize it and the free
charges drift to the anode due to the the high voltage difference between tube
and anode. The small diameter of the tubes assures a very small drift volume
allowing a very fast readout. The gas mixture proportions are chosen to limit
the gain to 10° in order to ensure a long term stability. A position resolution in
x —y coordinates of about 150 um is expected. Along z it is expected to be about
3 mm for single hits [[71]].

Forward detectors

To be able to cover angles below 22° three[GEM]stations placed in forward
direction at 1.1 m, 1.4 m and 1.9 m from the target are foreseen. The detectors in
this area have to be able to support the high counting rate due to the fixed target
kinematics. detectors can be operated in high rate environments and its
read out is much faster compared to other kind of gas detectors.

33.1.3 detectors: Cherenkov detectors and time-of-flight

One of the main requirements of is the identification of charged
particles over a large range of angles and momenta. Particles with momenta
higher than 1 GeV/c will be identified in the Cherenkov detectors. A[TOF detec-
tor is foreseen to identify slower particles. Energy loss measurements of other
detectors and shower shape information in the calorimeter will be combined
with the information of the Cherenkov and detectors dedicated to to
reach better results in the classification.

Barrel and disc

The use of Cherenkov light to identify the nature of a particle is a com-
mon technique used in many experiments. The Cherenkov detector foreseen for
is based on the detector of the BaBar experiment [72]. At polar
angles between 22° and 140°, quartz slabs with a 1.7 cm thickness will surround
the beam pipe at a distance of 45 — 54 cm. The Cherenkov light will be focused
onto micro-channel plate multiplier detectors which are insensitive
to magnetic fields.

In the forward direction, a disk made of the same quartz material will cover
the angles between 5° and 22°. The disk [DIRC|will be 2 cm thick and will have
a radius of 110cm. It will be placed directly upstream of the forward endcap
of the electromagnetic calorimeter. The focusing of the light will be done using
mirrors reflecting it onto the
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The geometry of the barrel and the disc [DIRC| detectors will allow the
determination of two spatial coordinates and the measurement of the light prop-
agation time. This will be a very fast detector and will allow also a very compact
design. The good time resolution of the is taken into account.

Time-of-flight detector

For slow particles, will be provided by a [TOFttile detector in the
barrel part. The time resolution of this detector has to be of 50 ps to 100 ps due
to the small dimensions of The use of a start detector is not possible
due to the space constraints. Therefore only relative timing between different
particles has to be used. Scintillation bars or multi-gap resistive plate chambers
are two possible options to be used for this device. The [TOF detector will cover
angles between 22° and 140° and it will be placed around the at a distance
around 42 cm to 45 cm from the beam pipe.

Suport Systems Insulation

Forward End-Cap

Backward
End-Cap

Figure 3.5: Technical drawing showing the structure of the |PANDA
including the forward endcap of the electromagnetic calorimeter with its

insulation system (in green), the barrel with the support system (light blue
and orange) and a cut where one can see the arrangement of the crystals
in the upper part, and the BWEMC] with the mounting plate (gray disc)
system placed around the beam pipe.
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p [g/em?] 8.28
Xo [cm] 0.89
Ry [cm] 2.00
Tdecay [IlS] 6.5
Amax[nm] 420
n at Apax 2.17
relative LY at RT %(LY of Nal) 0.6
relative LY at -25°C %(LY of Nal) 2.5
hygroscopic no
dLY/dT [%/°C] -3.0 at RT
dE/dx (MIP) [MeV/cm] 10.2

Table 3.1: Properties of the PbWOy crystals of [PANDA| Values extracted
from Reference [[79].

3.3.1.4 Electromagnetic calorimeters

The geometry of the calorimeter of [PANDA|is subjected to the ex-
pected high count rates and the necessity of a compact design. A fast scintilla-

tor material with a short radiation length and Moliere radius is required. Lead
Tungstate (PbWOQy), a high density inorganic scintillator fulfills the require-
ments. With this material sufficient energy and time resolution can be achieved
for the detection of electrons, photons and hadrons even at intermediate ener-
gies [[73H75]. For high energy physics, this material has been chosen also by the
CMS and ALICE collaborations at CERN [[76,(77] and it has been optimized for
large scale production. A short decay time of less than 10 ns and good radiation
hardness has been achieved [78]] for this kind of crystals. Recent developments
yield a significant increase of light yield due to eliminating crystal imperfec-
tions, and introducing the appropriate doping. This enables photon detection in
down to a few MeV with sufficient resolution. The light yield can be
increased further by a factor 4 compared to room temperature by cooling the
crystals down to —25°C. The properties of the PbWOy crystals can be read in
Table 3.1l

In the design foreseen for the PbWOy crystals for the barrel and
the forward end cap will be tapered with a front size of 2.1 x 2.1 cm? and 20 cm
long, i.e. approximately 22 Xy. An energy resolution below 2% at 1 GeV can be
achieved with these crystal dimensions [73-75] with a tolerable energy loss due
to longitudinal leakage of the shower. The crystals will be mounted around the
tracking and detectors with an inner radius of 57 cm. This implies 11360
crystals in the barrel part. The forward end-cap calorimeter will have 3600 ta-
pered crystals, they will be mounted downstream the interaction point, facing
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the interaction region at a distance of 202 cm. For the backward end-cap 540
straight crystals with a front cross section of 24.4 x 24.4 mm? are foreseen. They
will be mounted parallel to the beam pipe forming a shape with an inner radius
of 182 mm and an outer radius of 406 mm. The center of mass of the crystals
will be placed 694 mm upstream from the target. The readout of the crystals will
be accomplished by large area avalanche photodiodes in the barrel
and the backward end-cap, and vacuum photo-triodes or vacuum photo-
tetrodes in the forward end-cap.

Figure [3.5] shows a schematic drawing of the current geometry of the
calorimeter.

Note that the first part of the work reported in this Thesis (Chapter [6) has
been done with a previous design of the geometry for the BWEMC] Originally it
consisted of 592 tapered crystals placed upstream from the target position. The
geometry was changed to cover a bigger solid angle. The old geometry was also
used for the analyses presented in Reference [4].

3.3.1.5 Solenoid magnet

A superconducting solenoid with an inner radius of 90 cm and a length of
2.8 m will provide the magnetic field in the target spectrometer. The maximum
magnetic field will be 2 T and the field homogeneity is expected to be better than
2% over the volume of the and the The cryostat for the solenoid will
have two warm bores of 100 mm diameter, one above and one below the target
position, to allow the insertion of internal targets. The coil will be provided with
an external iron return yoke to improve the characteristics of the magnetic field.

3.3.1.6 Muon detectors

The iron yoke of the solenoid magnet will serve as a holder for the muon
detectors, which will be installed inside the yoke. The muon detectors will be
necessary for the separation of primary and secondary muons and pions. The
iron yoke of will be segmented and used as an absorber with interleaved
tracking detectors to measure energy loss of different particles. The muon de-
tectors in the barrel region will be a group of 3 cm thick layers, separated by
3 cm thick iron layers. In the forward direction, the muon detector has to be split
because of the size of the iron yoke in this direction. Extra layers will be placed
between the target spectrometer and the forward spectrometer to complete the
required amount of material for this detector. The detector used here will consist
of rectangular aluminum drift tubes, based in the system used in COMPASS [80].
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Figure 3.6: forward spectrometer of the PANDA|experiment .

3.3.1.7 Hypernuclear detector

For the study of Hypernuclei, a secondary target is foreseen. Also specific
recoil detectors are needed. These elements will not be used during the rest of the
physics program of The geometry of this setup is not within the scope
of this work, however a detailed description of these detectors and the processes
involving hypernuclei physics can be found for example in Reference [[70].

3.3.2 Forward spectrometer

3.3.2.1 Dipole magnet

To cover the angular acceptance of the forward spectrometer (Figure [3.6)),
4+10° and +5° in the horizontal and in the vertical direction respectively, a dipole
magnet with a 1 m gap and more than a 2 m aperture will be used. The magnet
yoke will be about 2.5 m long and will be placed at 3.5 m from the target. The
maximum bending power will be of 2 Tm which corresponds to 2.2°deviation for
antiprotons at the maximum momentum of 15 GeV/c. The beam deflection will
be compensated by two correcting dipole magnets placed in the [HESR] around

the PANDA) detection region [4].
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3.3.2.2 Forward trackers

The tracking of particles entering the forward spectrometer will be done
with a set of wire chambers, two placed in front of the dipole magnet, two within,
and two behind it. This will allow one to track high momentum particles as well
as very low momentum particles whose trajectories curl up inside the dipole.

Each chamber will contain three pairs of detection planes, with drift cells
of 1 cm width each. One of the detection planes will be vertical and the other two
will be inclined by +10° and —10°respectively. This will allow the reconstruc-
tion of the tracks in each chamber separately. The beam pipe will pass through
central holes in the chambers.

The momentum resolution for 3 GeV/c protons is expected to be about
dp/p = 0.2% and is limited by small-angle scattering from the chamber wires
and the chamber gas.

3.3.2.3 Forward

detector

The good separation between /K and K/p at high momenta will be as-
sured with a ring imaging Cherenkov counter (RICH)) similar to the one used at
HERMES [81]] or COMPASS [82]].

Using two radiators, silica aerogel and C4F;¢ gas, it will provide ©/K/p
separation in a momentum range from 2-15 GeV/c. The Cherenkov light will
be focused by a mirror onto an array of phototubes outside the active volume.
This allows to reduce the total thickness of the system to the thicknesses of the
gas radiator (5% Xj), the aerogel radiator (2.8% Xp), and the aluminum window
(3% Xo).

wall

A stop counter placed 7 m away from the target is also foreseen. It
will consist of a wall of slabs made of plastic scintillators with widths varying
from 5 to 10 cm and read out on both ends by fast photo tubes. Similar detectors
will also be placed inside the dipole magnet opening to detect low momentum
particles which stop before exiting the magnetic field. The expected time resolu-
tion will be of 6 = 50ps, /K and K/p separation on a 3¢ level will be possible
up to momenta of 2.8 GeV/c and 4.7 GeV/c, respectively.
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3.3.2.4 Forward electromagnetic calorimeter

A Shashlyk-type calorimeter is foreseen for the detection of photons and
electrons in the forward spectrometer. The technique has already been success-
fully used in the E865 experiment [83] and it has been also adopted for various
other experiments [84-89] An energy resolution of at least 4% /+/E [87] can
be achieved. The detection is based on lead-scintillator sandwiches read out by
wavelength shifting fibres imbedded in the scintillators and coupled to photo-
multipliers. To cover the forward acceptace are needed 351 Shashlyk modules
arranged in 13 rows and 27 columns. This detector will be placed at 7.5 m from
the interaction region.

3.3.2.5 Forward muon detectors

A muon detector similar to the one in the target spectrometer is designed
for higher momenta particles. It will be usefull to discriminate pions from
muons, the detection of pion decays and for the determination, with moderate
resolution, of neutrons and antineutron energies.

3.3.3 Luminosity monitor

The determination of the luminosity is crucial for every experiment and
so will it be for A luminosity monitor is being designed to measure
the luminosity of the experiment online. The concept of this detector is based
in the measurement of the Coulomb-scattered elastic pp events. The luminosity
monitor will consist of four planes of doubled-sided silicon strip detectors placed
as close to the beam axis as possible and at a distance between 10 to 12 m from
the target. The planes will be separated by 20cm along the z-direction. The
determination of the luminosity is expected to be 3% absolute precission [4].
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Simulation and analysis software

The software framework used for the simulation and analysis described
in this Thesis has been originally ported from the framework of the BaBar ex-
periment. It is the same software used for the analyses presented in the
Physics Book [4]]. Therefore this Chapter is presented as a summary of Chapter
3 in the named Reference and most of the information is extracted from there.

4.1 The simulation software

The software follows an object-oriented approach, and most of the code
is written in C++. Several well-tested software tools and packages from other
high-energy-physics experiments have been adapted to the needs of
The software contains

e cvent generators with accurate decay models for the individual physics
channels, as well as for the relevant background channels,

e particle tracking through the complete|PANDA| detector using the GEANT4
transport code,

e simulation of signals in the individual detectors and their processing in the
front-end electronics,

e reconstruction and identification of charged and neutral particles that pro-
vide lists of particle candidates for the physics analysis, and

e user-friendly high-level analysis tools that allow the use of vertex and
kinematic fits to reconstruct extensive decay trees very easily.
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In the following sections the most important features used in this work are
explained.

4.2 [Event generation

For the generation of the events for the benchmark reactions EvtGen [90]
was used. It takes into account the known decay properties of the particles and
angular distributions of the reactions, as well as polarization states. It also per-
mits to use user-defined decay models. Once the events have been generated,
they are given as an input to the detector simulation.

4.3 Detector simulation and particle tracking

The next step in the simulation process is to perform the transport of the
particles through the detector. For this purpose GEANT4 [91,92] is used, which
takes into account all possible interactions and decays that the different parti-
cles may undergo. As an output of this step one gets a collection of hits in the
different parts of the detector. This hits contain information about the intersec-
tion points and energy losses of all particles in every individual subdetector. The
digitization process follows to this step. It takes into account the information
of the hits collection and models the digitization of the signals in the front-end
electronics. The objective is to produce a digitized detector response as close as
possible to real data. This ensures that the same reconstruction code used in the
analysis of Monte Carlo data can be used in the future to the analysis of real
data. An effective smearing of the data has been used in some steps of the simu-
lation to improve the performance of the software. The values for the smearing
were derived from full Monte Carlo simulations and they are explained in the
following sections.

4.3.1 Detector setup and geometry

The geometrical description of the |PANDA| detector is written using
extensible markup language (XML)) files, which allow an easy integration into a
C++ environment.

For the simulations the complete setup described in Chapter
is used. The time-of-flight detectors and the forward ring imaging
Cherenkov counter detectors are not included. The muon detector con-
sists only of two scintillator layers instead of a multilayer scenario within the
iron yoke. This was the most favored option during the implementation of the
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geometry into the software. For the pp reactions the pellet target is chosen as an
internal target, taking into account the material budget introduced by the target
pipe and the pumping stations. The interaction point is considered with a spread
of 6 =0.275 mm in each direction. Concerning the backward endcap of the elec-
tromagnetic calorimeter (BWEMC) the old version of the detector is used in the
first physics simulations showed in this work, related with the electromagnetic
form factors (Chapter [0)). This is consisting of tapered crystals pointing
to the target. To be able to cover a bigger solid angle, the design of the BWEMC
was modified, and straight crystals are now used instead. The new geometry, de-
scribed in Section [3.3.1.4} is used in the studies of the BWEMC]|energy resolu-
tion and efficiency (Chapter[5) and for the simulations concerning the transition
distribution amplitudes (Chapter [7)

4.3.2 Digitization

4.3.2.1 Readout of the tracking devices

Silicon readout of the

The micro vertex detector (MVD) is composed by two different silicon
detector types, silicon strip and pixel detectors. The readout is treated differently
in the digitization process.

The signal is formed by using the local trajectory within the detector ma-
terial to calculate the corresponding channel relative to the readout matrix of the
sensor. The channel number, the deposited energy and the charge collected by
the electronics are defined by the hit position on the sensor surface. The channel
mapping of the particle trajectory is done on both sides of the sensor. For the
pixel detectors the particle trajectory is projected onto the surface, all excited
pixels are determined, and the charge is shared among the pixels depending on
the fraction of the intercepted track. For the strip sensors the formation of digi-
tized channels is done independently on both sides of the sensor. The procedure
is similar to the pixel case but done only in one dimension.

The sizes of the readout structures are defined by the size of the pixel
cell or the spacing of the strips. Each channel is assigned to a front-end, and a
common number of 128 channels per front-end is chosen. The size of the ATLAS
front-end chip was chosen for the pixel detector and it was used as the basis to
assign channels to front-ends. The number of pixels per front-end is defined by
the dimension of the front-end chip. The threshold for the electronics was set to
the equivalent of 300 electrons, which is a reasonable value for pixel detectors.
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and the drift chambers

The digitization of the signal from the straw tube tracker (STT)) and the
drift chambers is treated in a similar way. Both detectors consist of wires
inside a gas volume of Ar/CO,. If a charged particle traverses the gas volume
and 1onizes the gas, the local helix trajectory is derived from the corresponding
GEANT4 intersection points. The drift time of the ionization electrons is esti-
mated from the minimum distance, dj,, between the helix trajectory to the wire.
The uncertainty of the drift time measurement is taken into account by smearing

the value of d;, with a Gaussian with a standard deviation of ¢ = 150 um for the
STT] and ¢ = 200 um for the

The average number of primary ionization electrons is given by the total
energy deposited in the gas volume divided by the ionization energy of 27 eV for
the Ar/CO; gas mixture. The energy signal is finally calculated by using Poisson
statistics.

The information about the energy deposited in the and especially in
the will be very important in the particle identification process. The
separation of pions and electrons is crucial for the work presented in this Thesis
and it will be possible thanks to the information provided by these detectors (see

Section 4.4.3).

readout

Each gas electron multiplier detector consists of two planes sepa-
rated by 1 cm. Each detector plane has two strip detector layers with perpendic-
ular orientation to each other. The gas amplification process and the response of
the strip detector was not simulated in detail. Instead, the entry point of a charged
track into the detector plane was taken directly from GEANT4 and smeared by a
Gaussian distribution of 70 um width for each strip.

4.3.2.2 Readout of the DIRC

In the detector for internally reflected Cherenkov light the light
propagation in the Cherenkov radiators, the signal processing in the front-end-
electronics, and the reconstruction of the Cherenkov angle are modeled in a
single step.

The resolution of the reconstructed Cherenkov angle 6¢y, is driven by the
uncertainty of the single photon angle ocypy and the statistics of the relatively
small numbers of detected Cherenkov photons Ny

OCh,y

OCh =

3
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A single-photon resolution of 6¢cpy = 10 mrad is used, corresponding to experi-
ence with existing[DIRC|detectors. The number of detected photons is calculated
from the velocity, B, of charged particles passing through the quartz radiators and
the path length L within the radiator, via

1 1 1

2,2
B Nquartz

Ny=e2naL(l -

where o is the fine structure constant and nguar, = 1.473 is the index of refrac-
tion of quartz. The sensitive wavelength interval, [Amin, Amax], 1S chosen to be
[280 nm, 350 nm|, and a total efficiency of € = 7.5% is used to take into account
the transmission and reflectivity losses, as well as the quantum efficiency of the
photo detectors.

The information form the Cherenkov detectors will be also used for

4.3.2.3 |[EM(]|scintillator readout

For the electromagnetic calorimeter in the target spectrometer (ISEMC)
reasonable properties of PboWOy crystals at the operational temperature of -25°C
are considered. A Gaussian distribution with 6 = 1 MeV is used for the constant
electronic noise in the large area avalanche photodiodes (LAAPD)). The statis-
tical fluctuations are estimated by 80 photo electrons per MeV produced in the
An excess noise factor of 1.38 is used, corresponding to the measure-
ments with the first prototype with an internal gain of M = 50 [93].
This results in a noise term of —22%_ from photon statistics.

VE[GeV]

4.3.2.4 Muon detector readout

A parametrized digitization is used for the muon detector, because the
layout was still under development when the software was written. The intersec-
tions of the particle tracks with the scintillators of the muon detectors are derived
from the detector hits provided by the GEANT4 transport code. In the process of
matching muon detector hits with reconstructed charged tracks, the uncertainties
are dominated by the errors from the extrapolation of the reconstructed tracks to
the muon detector, and therefore the finite position resolution of the muon de-
tector is neglected. The algorithm that is used to deduce probabilities from
the muon detector hits is described in Section [4.4.3.1]
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4.4 Reconstruction

4.4.1 Charged particle track reconstruction

4.4.1.1 cluster reconstruction

The provides very precise space-point measurements as a basis for
track and vertex reconstruction. For multi-hit clusters, charge weighting between
the pixels in the cluster is used to calculate the mean position of the hit. Without
using the energy information, the resolution of the position measurement would
be

Ggeom = P/ V12

where p is the pixel size. Using (100 x 100) um? pixels, the geometric resolution
per pixel iS Ggeon = 28 wm. For high-momentum particles the hit resolution lim-
its the overall track resolution whereas for low-momentum particles small-angle
scattering is the limiting factor.

4.4.1.2 Global track reconstruction

The track provides information about a charged particle’s path through
space. It contains a collection of hits in the individual tracking subdetectors.
For each hit a residual distance with respect to a reference trajectory can be
calculated. An idealized pattern recognition program has been used for track-
building based on Monte Carlo information, which assigns reconstructed hits to
their original tracks. Tracks that contain less than eight detector hits are rejected.

The tracks in the target spectrometer are then fitted with a Kalman Filter
algorithm, which considers not only the measurements and their corresponding
resolutions but also the effect of the interaction with the detector material, i.e.
multiple scattering and energy loss. A detailed description of the implementation
of the algorithm, which has been adapted from the reconstruction software of
the BaBar Collaboration, can be found in Reference [94]]. For simplification a
constant magnetic field parallel to the z-axis has been assumed in the target
spectrometer region.

Multiple scattering and energy loss depend on the mass of the particle.
Therefore, the tracks have been refit separately for all five particle hypotheses
(e, u, @, K and p). This results in an adequate accuracy of the reconstructed
kinematics assigned to the individual particle species.
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4.4.2 Photon reconstruction

In this Thesis, a study of the energy resolution of the BWEMC] of PANDA|
is presented in Chapter[5] The photon reconstruction algorithm is very important
for a successful analysis of the properties. The method used for the
photon reconstruction is explained in the following.

4.4.2.1 Reconstruction algorithm

Photons and electrons entering the electromagnetic calorimeter de-
velop electromagnetic showers inside the scintillating material of the detector.
Generally, the electromagnetic showers are extended over several scintillator
crystals. A contiguous area of crystals containing part of an electromagnetic
shower is called a cluster.

The four vector of the initial photon or electron can be determined by
the energy deposited and the locations of the scintillator crystals in a cluster.
The [EMC] reconstruction software used here is based in the cluster finding and
bump-splitting algorithms developed by the BaBar experiment [95,96].

The first step of the cluster reconstruction algorithm is finding a contigu-
ous area of scintillator crystals with energy deposition. The process starts finding
the crystal with the highest energy deposition and is adding contiguous neigh-
bors if the energy deposited on them is above a certain threshold E,;;. Finally, if
the total energy deposit in the contiguous area is above a second threshold E;
the cluster gets accepted.

A cluster can be formed by more than one particle if the angular distances
between them are small. In this case the cluster has to be subdivided into regions
which can be associated with the individual particles. These regions are called
bumps, and a new algorithm to separate the clusters in possible different bumps
is needed in this step. This procedure is called the bump splitting. A bump is
defined by a local maximum inside the cluster: The energy deposit of one scin-
tillator crystal Ej,.,; must be above E,,x, and all the neighbor crystals must have
smaller energy depositions. In addition the highest energy Ey, , of any of the N
neighboring crystals must fulfill

0.5(N —2.5) > En,./ Etocal 4.1

The total cluster energy is then shared between the bumps, taking into
account the shower shape of the cluster. For this step an iterative algorithm is
used, which assigns a weight w; to each scintillator crystal, so that the bump
energy is defined as E, = ) ; w; E;, in which E; represents the energy deposited
in the i-th crystal and the sum runs over all crystals in the cluster. The crystal
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[TSEMC| |[FSEMC|
E 3MeV  8§MeV
Eq  10MeV  15MeV
Enax  20MeV  10MeV

Table 4.1: Reconstruction thresholds for the electromagnetic calorimeter
in the target spectrometer (ISEMC) and the electromagnetic calorimeter

in the forward spectrometer (FSEMC).

weight for each bump is calculated as

o E;jexp(—2.5r;/rm)
! ZjEjexp(—ZSrj/rm)

4.2)

where r, is the Moliere radius of the scintillator material, r; and r; are the dis-
tance of the i-th and j-th crystal to the center of the bump, respectively, and the
index j runs over all crystals. The procedure is repeated until convergence. The
center position is always determined from the weights of the previous iteration,
and convergence is reached when the bump center stays stable within a tolerance
of 1 mm.

The spatial position of a bump is calculated via a center-of-gravity method.
The radial energy distribution, originating from a photon, decreases exponen-
tially. Therefore, a logarithmic weighting with

W; =max [0, A(Ep) +In(E;/Ep)] 4.3)

was chosen, where only crystals with positive weights are used. The energy-
dependent factor A(E}) varies between 2.1 for the lowest and 3.6 for the highest
photon energies.

4.4.2.2 Reconstruction thresholds

To detect low energetic photons and to achieve a good energy resolution,
the thresholds should be set as low as possible. On the other hand, the thresh-
olds must be sufficiently high to suppress the electronic noise. The single crystal
threshold was set to 3MeV of deposited energy, corresponding to the energy
equivalent of 3¢ of the electronic noise (see 4.3.2.3). All reconstruction thresh-
olds for the electromagnetic calorimeter in the target spectrometer as well as for
the electromagnetic calorimeter in the forward spectrometer are listed in Table

41l
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4.4.2.3 Leakage corrections

The sum of the energy deposited in the scintillator material of the
calorimeters is less than the actual energy of the incident photon. This is due
to energy deposition in the material between the different crystals.

The reconstructed energy of the photon in the electromagnetic calorimeter
in the target spectrometer is expressed as a product of the measured total energy
deposited and a correction function which depends logarithmically on the energy
and, due to the geometry of the also on the polar angle. The correction
function

f(InE,0) = exp(ap+a; InE +ap IN’E +a3 In’E
+ay4 cos(0) +as cos? () + ag cos>(0)

+a7 cos*(0) + ag cos”(0)

+ag InE cos(9))

has been calculated using Monte Carlo simulations with single photons. The
corrected photon energy is then Ey .., = E -f(InE,0) .

The energy leakage in the electromagnetic calorimeter in the forward
spectrometer is driven by the large amount of absorber material between the
scintillating crystals and is only slightly caused by the geometry. Therefore, the
considered correction depends only on the collected energy.

4.4.3 Charged PID

Good [PID] for charged hadrons and leptons plays an essential role for
PANDA|and must be guaranteed over a large momentum range from 200 MeV/c
up to approximately 10 GeV/c. Of special interest for this Thesis is the sep-
aration between electrons and pions. Several subdetectors provide useful
information for specific particle species and momenta. While energy-loss mea-
surements within the trackers provide good criteria differentiation between the
different particle types below 1 GeV/c, the [DIRC] detector is the most suitable
device for the identification of particles with momenta above the Cherenkov
threshold. Moreover, in combination with the tracking detectors, the is
the most powerful detector for an efficient and clean electron identification, and
the Muon detector is designed for the separation of muons from the other parti-
cle species. The best [PID] performance however can be obtained by taking into
consideration all available information of all subdetectors.

The software is divided into two stages. In the first stage the recog-
nition is done for each detector individually, so that finally probabilities for all
five particle hypotheses (e, u, @, K and p) are provided. The probabilities are
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normalized uniquely by assuming the same fluxes for each particle species. In
the second stage the global combines this information by applying a stan-
dard likelihood method. Based on this can be used flexible tools which allow an
optimization of efficiency and purity up to the required values.

4.4.3.1 Subdetector

dE/dx measurements

The energy loss of particles in thin layers of material directly provides
dE /dx. The Bethe-Bloch formula shows that for a given momentum, particles
of different types have different specific energy losses, dE /dx. This property
can be used for The method however suffers from two limitations. First
of all, a plot of dE /dx vs. p has crossing points where there is no possibility
to disentangle particle types. Secondly, the distribution of the specific energy
loss displays a long tail which constitutes a limitation to the separation, espe-
cially when large differences exist between the different particle yields. Various
methods have been worked out to avoid this second limitation. In [PANDA] two

detectors will give access to dE /dx, theMVD] and the

with the

Although the number of reconstructed hits per track is limited to 4
in the barrel section and 5-6 in the forward domain the energy loss information
provided by the readout electronics can be used as part of the decision.
The ability of separating different particle species relies on an accurate energy
loss information and a good knowledge of the track position with respect to the
sensors. Figure [4.1] shows the calculated energy loss versus particle momentum
for different particle types in the Separation is possible only for protons
(upper band) and kaons (middle) from the lowest band which is a superposition
of pions, muons and electrons. The width of the individual bands depends on the
energy-loss distribution which varies with momentum.

with the

The energy loss of particles through thin layers of gas provides better in-
formation for at large momenta than the detector. However, when
thicknesses as low as a few millimeters of gas are considered, the fluctuations
resulting from the relatively low number of primary collisions (less than 100
on a 1 cm Ar path-length) give rise to an extended Landau tail in the energy
loss distribution. To prevent this phenomenon which could result into a dramatic
reduction of capabilities, truncation methods associated with different aver-
aging procedures are often used. The truncated arithmetic mean has been used in
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Figure 4.1: dE /dx information from the versus track momentum for
protons (upper band), kaons (middle) and pions/muons/electrons (lower).

the framework of Moreover, because straw tubes are cylindrical detec-
tors, a path length determination is necessary to calculate dE /dx. A transverse
resolution of 150 um was assumed. A truncation parameter of 70, correspond-
ing to keeping 70 % of the smallest energy loss values, was found to be the best
compromise between the resolution defined by the Gaussian fit and the tail still
remaining after truncation. For a given triplet (p, 8, dE /dx;y,nc), five prior prob-
abilities are calculated using the parameters of the Gaussians (y;, G;, i = e, y,
7, K and p), properly normalized. To take into account the role of possible non-
Gaussian tails, a lower limit on the likelihood was set to 1%. These likelihoods
can then be directly combined with the ones from the other detectors to calculate
a global likelihood.

Whereas an efficiency above 98% is observed for electrons (see Fig-
ure[4.2)), the contamination rate, that is the probability for another type of particle
(u, ®, K and p) to be identified as an electron varies between 1% and 16%. One
should. however, note that these values are averaged over the polar angle: at for-
ward angles, the contamination increases as the result of the strong decrease of
the number of hits in the straw tubes.

The information provided by the detector is of high importance
for the separation of pions and electrons in the studies presented in this Thesis.
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Figure 4.2: efficiency for electrons in the momentum range between
0.2 GeV/c and 10 GeV/c and the contamination rates for the four other par-
ticle types, averaged over the whole angular range.

with the DIRC

Charged tracks are considered if they produce Cherenkov light in the
detector. Based on the reconstructed momentum, the reconstructed path
length of the particle in the quartz radiator and the particle hypothesis, the ex-
pected Cherenkov angles and its errors are estimated. Compared with the mea-
sured Cherenkov angle the likelihood and significance levels for each particle
species are calculated. While below the Cherenkov threshold of approximately
500 MeV/c almost no kaons can be identified, the efficiency above the threshold
is more than 80% over the whole momentum range up to 5 GeV/c. The frac-
tion of pions misidentified as kaons is substantially less than 10~ for momenta
below 3 GeV/c and increases up to 10% for 5 GeV/c.

Electron with the

The footprints of deposited energy in the calorimeter differ distinctively
for electrons, muons and hadrons. While muons and hadrons in general lose only
a small fraction of their kinetic energy by ionization processes, electrons deposit
their complete energy in an electromagnetic shower. The ratio of the measured
energy deposited in the calorimeter to the reconstructed track momentum (E /p)
will be approximately unity. Due to the hadronic interactions, hadrons may also
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have a higher E /p ratio than expected from ionization. Figure 4.3 shows the re-
constructed E / p fraction for electrons and pions as a function of the momentum.
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Figure 4.3: E/p in the versus track momentum for electrons (green)
and pions (black) in the momentum range between 0.3 GeV/c and 5 GeV/c.

Furthermore, the shower shape of a cluster is helpful to distinguish be-
tween electrons, muons and hadrons. Since the chosen size of the scintillator
crystals corresponds to the Moliere radius of the material, the largest fraction
of an electromagnetic shower originating from an electron is contained in just
a few crystals. Instead, a hadronic shower with a similar energy deposit is less
concentrated. These differences are reflected in the shower shape of the cluster,
which can be characterized by the following properties:

e E;/Eg which is the ratio of the energy deposited in the central scintillator
crystal and in the 3x3 crystal array containing the central crystal and the
first innermost ring. Also the ratio between Eg and the energy deposit in
the 55 crystal array E»s is useful for electron identification.

e The lateral moment of the cluster defined by

n
Eir} /(Y Eir} + Eirg + Eorg)
3 i=3

n
momyar =

1=
with

— n = number of crystals associated to the shower
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— E; = deposited energy in the i-th crystal with Ey > E> > ... > E,,
— r; = lateral distance between the central and the i-th crystal

— ro = the average distance between two crystals.

e A set of Zernike moments [97]],

U"(p,9) =R (p) (cos (m@) —isin(me)), 4.4)
with
l(nfm) (—1)k(n—k)! ek
R (p) = { Yio  u{Timrm 1) () )P for n—m even
0 for n —m odd
4.5)

describe the energy distribution within a cluster by radial and angular de-
pendent polynomials. Specially the Zernike moments (3 1),

Nerystals
Re(U — S " E 3
(W)= ) g (3:ri—2r) cos(en), (4.6)
i 0
3 Ncrystuls Ei 3 )
Im(U7) = — ”'(3'ri —2-r)-sin(¢;), 4.7)
i Oi
and (4 2),

Ncrystals E
Re(Uy) = (41 =3-17) -cos(2- 1), (4.8)

i 0

4 N, crystals Ei 4 5 )

Im(Uy) = — (4.1 =3-r7)-sin(2-¢y), (4.9)

i tot
are used for the separation of electrons from other kind of particles.

An example is given in[4.4] where the Zernike moment 31 is depicted for
each particle type.

A neural network is also used to combine all the information provided by
the different measured variables. The neural network is able to assign dif-
ferent probabilities to the different particle species which have been considered
(e, p, k, p and ).

For the global a correlation between the network output and the
likelihood of the[EMC]has been calculated. Figure d.5]shows the electron identi-
fication efficiency and contamination rate as a function of momentum achieved
by requiring an electron likelihood fraction of the EMC| of more than 95%. For
momenta above 1 GeV/c one can see that the electron efficiency is greater than
98% while the contamination by other particles is substantially less than 1%. For
momenta below 1 GeV/c, the electron identification based solely on thein-
formation has a poor efficiency and an insufficient purity.
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Figure 4.4: Zernike moment number 31 for electrons, muons and hadrons.

with the muon detector

The for the muon detector is based on an algorithm that quantifies for
each reconstructed charged track the compatibility with the muon hypothesis. It
propagates the charged particles from the tracking volume outward through the
neighboring detectors like the and the and finally through the iron
yoke, where the scintillator layers of the muon device are located. This proce-
dure takes into account the parameters of the global tracking and the magnetic
field, as well as the muon energy loss in the material and the effects of mul-
tiple scattering. Then the extrapolated intersection points with the scintillators
are compared with the detected muon hit positions. If the distance between the
expected and the detected hit is smaller than 12 cm, which is 40 of the corre-
sponding distribution, the muon hit will be associated with the corresponding
charged track. Based on the numbers of associated and expected muon hits, the
likelihoods for each particle type are estimated.

The procedure results in good muon identification for momenta above ap-
proximately 1 GeV/c. While electrons can be completely suppressed, a contam-
ination fraction of a few percent is present for hadrons.

4432 Global PID|

The global which combines the relevant information of all subde-
tectors associated with one track, has been realized with a standard likelihood
method. Based on the likelihoods obtained by each individual subdetector the
probability for a track originating from a specific particle type P(k) is evaluated
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Figure 4.5: The electron identification efficiency and contamination rates
for muons, pions, kaons, and protons in different momentum ranges using
the combined information provided by the neural network in the

from the likelihoods as follows:

P(k) = LiPik) (4.10)

- YILPG)
where the product with index i runs over all considered subdetectors and the sum
with index j over the five particle types (e, u, @, K and p).

Due to the variety of requirements imposed by the different benchmark
channels, various kinds of particle-candidate lists for different selection criteria
on the global likelihood are provided for the analysis (see Tabled.2). The usage
of the so called Very Loose and Loose candidate lists yields good efficiencies,
and the Tight and Very Tight lists are optimized to obtain a good purity with
efficient background rejection.

4.5 Physics analysis

The event data used for physics analysis is structured in three levels of
detail:

e The small TAG level contains brief event summary data.
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candidate list
particle | Very Loose Loose Tight Very Tight
e 20% 85% 99%  99.8%
u 20% 45% 70% 85%
L8 20% 30% 55% 70%
K 20% 30% 55% 70%
p 20% 30% 55% 70%

Table 4.2: Minimal values for the global likelihood (see Equation 4.10)),
for the corresponding particle types for four selection scenarios.

e The analysis object cata (AOD) consists of lists of particle candidates,
and, in the case of Monte Carlo data, also of Monte Carlo truth data. Most

analysis jobs run on[AOD]data.

e The event summary data (ESD)), which holds all reconstruction objects
down to the detector hits which are necessary to redo the track and neutral
particle reconstruction, and to rebuild the information. The detailed

data are needed by very few analysis jobs.

This event data design directly supports the typical analysis tasks, which usually

can be subdivided into three steps:

e A fast event preselection that uses just the TAG data.

e An event reconstruction and refined event selection step using the
data. In the event reconstruction, decay trees are built up, and geometrical
and kinematic fits are applied to them. Cuts on the fit probabilities, invari-
ant masses or kinematic properties of the candidates are common to refine
the event selection in this step. The output of this analysis step is usually

n-tuple data.

¢ In the last analysis step the event selection can be further refined by apply-
ing cuts on the n-tuple data. Histogram fits or partial wave analyses can be
performed on the final set of events.

4.5.1 Kinematic fit

Once a first selection of the event candidates is done using the[AOD|data, a
kinematic fit can be performed to improve the quality of the data. The kinematic
fit assumes that the measured variables (for example, the energy and momentum
of a track) are not completely independent of each other, but they are connected
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by the initial constraints defined by the hypothesis selected for the assumed de-
cay (for example, the mass of the particles). Then new values for the measured
variables within the resolution of the initial measurement are calculated. A con-
fidence level (CL) is then calculated, which gives an idea of the goodness of the
hypothesis used for the fit. A general description of the kinematic fit is described
in the following [98]].

Considering the vector of measured variables X = (xy, ..., x,,) and the initial
constraints a; (X + 8x) = 0, the kinematic fit will look for the corrections dx;
of the measured values x; using the minimum quadratic method. Therfore the
equation,

— T — — —

L=238x V !16x+2ATd(X+ 8x) = min (4.11)
has to be minnimized. Here V is the symmetric n X n covariant matrix of the
n measured variables, A; are the Lagrange multipliers associated to the m ini-
tial constraints (k =1, ..., m) and d(X + &x) = (a; (X4 0x), ..., @, (¥ + 8x)). This
condition is fulfilled when the total derivative of L is zero,

T > - 0G(¥+8x) | <
dL=28x V~'d(8x)+ ZKT%d(&C) =0. (4.12)
X

Assuming that the dependence of the initial constraints with the measured values
1s linear,

a3+ &) = (%) + acg@ §x =0, (4.13)
X
we have (3
dL = 28¢ V(&%) + 247 ‘;(f) d(8x) = 0. (4.14)
X

Equations (4.13)) and (4.14)) can be written in a compact way as

7t % gx - 0 4.15)

This defines a system of n + m equations from which the values of dxy, ..., dx,
and Aq, ..., A, can be calculated. The new fitted variables xj + dx1, ..., X, + Ox,
exhibit a new covariant matrix, Vpew that is calculated from the propagation of
errors,

~1
et yed®T (@@ a®" o am),, -
View =V 1% 3 (a()_é)v 3 8()?)‘/ . (4.16)
The quadratic deviation is then,
2 =5x Vlsn. 4.17)
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It gives a measurement of the goodness of the fit performed with the chosen
hypothesis. It indicates how much the errors of the measured values have to be
changed in order to fullfil the initial constraints of Equation (4.13). In practice
one often uses an overall confidence level (CL), defined as

ooxm/Z—le—x/Z

cL=[ ¢ 4
2 2"20(m/2) "

(4.18)

The confidence level takes a value between 0 and 1. For the ideal case in which
the fit hypothesis is working perfectly, the confidence level takes the value 1. If
the hypothesis of the fit can not be fullfiled, then the confidence level is equal to
zero.
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5

Energy resolution and efficiency
studies for the backward endcap
calorimeter

The backward endcap of the electromagnetic calorimeter (BWEMC) is
an important part of the detector. It is needed for the detection of low-
energy electrons and photons emitted at backward angles. For the study of some
processes of interest the detection of electrons and photons at backward an-
gles is essential. For example for the study of the validity of the transition
distribution amplitudes (TDA]) approach for the calculation of the cross sec-
tion pp — eTe n at zero value of the n¥ transverse momentum (ATno —0), the

BWEMC] will play a crucial role.

The material budget of dead material introduced by other detectors in front
of the calorimeter, such as the supply and cooling systems of the micro vertex
detector (MVD) or the straw tube tracker (STT), could worsen the properties of
the BWEMC] A full analysis of the effect of this dead material was necessary.
The study of the efficiency and energy resolution of this subdetector of
is presented in this Chapter.

5.1 Simulation characteristics

The whole geometry of PANDA|was described in Chapter This geometry
is basically the one that has been implemented in the software for the simula-
tions. However, for the studies presented in this Chapter, slight modifications
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5. Energy resolution and efficiency studies for the backward endcap calorimeter

have been made in different steps to see how the properties of the BWEMC
change. The BWEMC| was implemented in the code using standard extensible
markup language and GEANT4. A macro was written to place the 540
PWO-II straight crystals (24.4 x 24.4 mm and 200 mm long) in a crown around
the beam pipe with an inner radius of 182 mm, an outer radius of 406 mm, and
an upstream location 504 mm from the target. Each crystal was also wrapped in
a thin layer of carbon fiber that plays the role of the crystal holders [93]. Also a
thin layer of air was introduced between the crystals and the carbon fiber. The
total angular coverage goes from ~ 146° to ~ 167°. The beam pipe, the STT
and the MVD] are taken into account for all the simulations.

Figure [5.1| shows a front view of the BWEMC] as it is implemented in the
software.

Figure 5.1: Front schematic view of the backward calorimeter geometry
used for the simulation. The 540 straight PWO crystals are arranged in a
crown shape around the beam pipe of the PANDA|experiment.

5.1.1 Study of the STT|dead material

The influence of the dead material introduced by the on the energy
resolution and efficiency of the was studied first. For the simulations
in this step, three slightly different geometries were used. In the first geometry
(STT-0), no additional dead material was introduced to the setup of
The BWEMC] the [STT] and the were used as described in the previous
Section without any further modification. In the second geometry (STT-Low),
a thin layer of aluminum with a thickness of 2 cm was placed behind the
following its border shape, to simulate the effect of the electronic and cabling
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systems. In the third geometry (STT-High), a thicker aluminum layer, 4 cm, with
the same shape was used. The named two scenarios including dead material
were chosen as possible ones because at the time the simulations were done no
quantitative estimation of the dead material introduced by the |[STT] electronics
and cabling systems was available. However, the chosen thicknesses represent
already a conservative selection for the simulations.

Figure [5.2] shows a schematic side view of the calorimeter and the 4 cm
aluminum layer placed behind the[STT]| This Figure corresponds to the geometry
named STT-High. One can see that particles emitted at & = 160°or above could
interact with the introduced dead material before reaching the BWEMC

STT Dead
material
Backward 160° |
End-Cap @
Calorimeter Target

Figure 5.2: Side schematic view of the BWEMC]|and the dead mate-
rial positions with respect to the target. The thickness of the dead material

in this cases corresponds to 4 cm (Geometry case STT-High).

E(MeV) 0 )

30 145°

100 150°  1°

250 155° 22.5°
500 160°  45°
700 165°

Table 5.1: E, 6 and ¢ photon parameters for the simulations. Simulations
with 50 000 photons have been done for each possible combination of E, 6
and ¢ using three different geometries including dead material.

For each possible geometry were done simulations with 50000 single pho-
tons with all possible combinations of energies and angles shown in Table [5.1]
That makes 75 different simulation setups in total (i.e. 3 geometries X 5 energies
x 50 angles x 3¢ angles).
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5. Energy resolution and efficiency studies for the backward endcap calorimeter

5.1.2 Study of the MVD), dead material

To study the influence of the[MVD|on the energy resolution and efficiency
of the on full [PANDA| performance, further simulations including ad-
ditional geometrical elements were done. These new elements were designed
to simulate the cabling and support systems introduced by the MVD] detector
between the interaction region and the BWEMC]| The dead material introduced
by the [STT] detector, presented in the previous Section, was taken into account
also in these studies by keeping in the geometry file the 2 cm thick aluminum
layer considered in the geometry case with lower dead material (STT-Low). In
addition, the shapes and positions of the elements of dead material introduced
by the MVD| were implemented in the code modeling them from the studies
done by T. Wiirschig for PandaROOT [99]]. In Figure [5.3] one can see that the
angular regions with the most dead material introduced by the MVD] are con-
centrated between 0 = 145° and 6 = 155°. This dead material introduces 1.5 to
2.0 radiation lengths in very localized spots.

|_Full - # of radiation lengths |

250

e
| III\HI‘ L_

200/ 7

101
150

100

Radiation length_pyx
Entries 1899961
Mean x 86.02

E + L Meany 180 d
40 60 |RmSx 49660 140 160 180

RMSy 1039 6 (deg)

[,
=]

20

=)
ST

Figure 5.3: dead material measured in radiation lengths from Refer-
ence [99]. These data were used to insert the dead material introduced by
the minto the simulations. See text for more information.

Copper tapered blocks (see Figures [5.4a] and [5.4b) with equivalent radi-
ation lengths and the same angular coverage as shown by Figure [5.3] were de-
signed using a CAD program. However, the implementation of this geometry
was very difficult to do with the existing software. Therefore, the shapes de-
signed in CAD were measured and squared boxes with interpolated dimensions
were placed instead in the same positions. In the geometry file were imple-
mented as a result of this interpolation 10 boxes (21.73 x 21.73 x 22) mm? and
4 boxes (14.5 x 14.5 x 22) mm? corresponding to X ~ 1.8 in each case. Fig-
ures and [5.4d| show how these blocks look in the simulation. In addition, an
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i Target
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(¢) Interpolation front (d) Interpolation side

Figure 5.4: Dead material introduced by the cabling and support systems
of the Left, view from the target position towards backward angles.
Right, side view with the target position on the right. Above, a representa-
tion of the blocks designed using a CAD program. These blocks are build
using the information in Figure [5.3] Below, the interpolated blocks for the
implementation in the geometry file in the software. The dimensions have
been calculated as an interpolation of the dimensions of the blocks de-
signed in CAD.

aluminum cylinder 2 cm thick was placed around the beam pipe introducing a
radiation length of approximately Xy ~ 0.5 between the target and the BWEMC|
A 3D cut view of the setup of the BWEMC]|and the dead material introduced by
the (blocks and cylinder) can be seen in Figure 5.5 where also the three
paths chosen for the simulations with this geometry are also shown. Although
the disc simulating the dead material of the [STT]is not shown in the Figure, it is
taken into account for the simulations.

The three paths chosen to study the influence of the dead material intro-
duced by [MVD] on the energy resolution and efficiency of the BWEMC| were
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5. Energy resolution and efficiency studies for the backward endcap calorimeter

selected to hit either one of the boxes implemented in the software or the cylin-
der. Studying only these three cases and taking into account the symmetry of the
geometry one can extrapolate the results to other areas of the For the
simulations 50 000 photons at three different energies (30 MeV, 250 MeV and
700 MeV) were generated at three combinations of 0 and ¢ angles:

e First at O = 147.5° and ¢ = 78°, where one of the small boxes of dead
material and the cylinder are hit by the photons (Figure [5.5a). From the
Figure one can also see that the photons traversing the dead material reach
the calorimeter only on the border. The energy of these photons will not be
correctly measured because the electromagnetic shower cannot take place
fully inside the detector volume.

e Second at 6 = 152.5° and ¢ = 34.5°, where one of the big boxes and the
cylinder are hit by the photons (Figure [5.5b). Here the reconstruction of
the photons reaching the calorimeter is expected to be better, because the
path that they follow is hitting the calorimeter in the middle. The electro-
magnetic shower is fully contained inside the detector.

e Third at © = 152.5° and ¢ = 45°, where only the thin cylinder is hit by
the photons (Figure [5.5¢). Here more photons are expected to reach the
calorimeter because the amount of dead material they have to traverse is
lower. The reconstruction of their energy is also expected to be good, be-
cause their paths are again fully contained inside the calorimeter volume.
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78°
26.085 mm
7.445 mm
Tarﬁéje‘t

(a) Path followed by photons emitted at 8 = 147.5° and ¢ = 78°.

34.5¢9
24.802 mm
8.663 mm
V] i
T S

a Eget

(b) Path followed by photons emitted at 8 = 152.5° and ¢ =
34.5°.

(c) Path followed by photons emitted at 8 = 152.5° and
0 =45°.

Figure 5.5: Photon paths chosen for the simulations in the study of the

@' dead material influence on the |EW—E'MC}
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In Table [5.2] one can see a summary of the different geometries used for
the simulations presented in this Chapter.

Geometry Description Drawing

STT-0 Only the ﬁAN DA Backward ‘

End cap R
geometry Calorimeter Target

Aluminum disc behind Backward
STT-Low . . End-Cap
the STT to simulate its Calorimeter
electronics

Target

| STTDead
geometry + 2cm g7 e
‘1‘5651 —0—

STT Dead

material
PANDA| geometry + 4cm
g y _
‘1‘5037\\\

STT-High Aluminum disc behind Backward

) —
the STT to simulate its Cotormeter . / Target
electronics
PANDA| geometry + “meteral
STT-Low + 4 small -

blocks + 10 big blocks + s -
cylinder to simulate the Ca'orimeter\
cabling and support

systems of the MVD|

Table 5.2: Geometries for the study of the influence of the dead material
introduced by other subdetectors of |PANDA| on the energy resolution and

the efficiency of the BWEMC]

MVD

5.1.3 Energy resolution and efficiency in the whole BWEMC

As a last step, an energy resolution map and an efficiency map were

done for one half-quarter of the BWEMC] using different photon energies. For
that, simulations were done with 50000 photons with energies from 30 MeV to
700 MeV emitted at angles 150°< 0 < 163.5° and 314°< ¢ < 359°.
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314¢° 3140
(a) Volume of the (b) Front view of
covered by the the area covered
simulations, 0 limits in by the simulations,
orange, ¢ limits in brown showing the maxi-
mum and minimum
¢ values.

(¢) Lateral cut of the [ BWEMC]| and
dead material showing the maximum
and minimum O values.

Figure 5.6: Area of the BWEMC] covered in the simulations from three
different points of view.

Due to the symmetry of the geometry, this was enough to investigate the
efficiency and energy resolution in the whole BWEMC] Figure [5.6] shows the
area of the BWEMC]|covered by the simulations from three different viewpoints.

Table[5.3|summarizes all the different setups in which the simulations per-
formed for this Chapter have been done, connecting them with the different ge-
ometry scenarios.
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Number
Simulation Geometry Setup of
setups
Combinations of
STT-0 0 = 145°, 150°, 155°, 160°,
Influence 165°
OZESH STTL 0= 1°,22.5° 45° and 75
e oW E =30MeV, 100 MeV,
250 MeV, 500 MeV,
STT-High 700 MeV
¢ =78°nd 6 = 147.5°at
Influence MVD E = 30, 250, and 700 MeV
of MVD| 3
dead MVD 0 = 34.5°and 6 = 152.5°t
material E = 30, 250, and 700 MeV
¢ =45%and 6 = 152.5%at
MVD E = 30, 250, and 700 MeV
Combinations of
- 0 = 150°, 151.5°, 153°, 154.5°,
nf ;E‘g 156°, 157.5°, 159°, 160.5°,
Od ! 162°, 163.5°,
fa, | MVD 0 =314°,319°, 324°, 329°, 500
matetia 334°, 339°, 344°, 349°, 354°,
whole End 359° and
Cap E = 30 MeV, 100 MeV,
250 MeV, 500 MeV, 700 MeV

Table 5.3: Simulations for the study of the influence of dead material intro-
duced by the and electronics and support systems in the energy

resolution and efficiency of the BWEMC
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5.2 Reconstruction and analysis

5.2.1 Event reconstruction and event selection

For the analysis of the effects on the energy resolution and the efficiency
only the bump with the highest energy per simulated event was chosen to re-
construct the energy deposition of the photons in the calorimeter. A typical his-
togram showing the reconstructed energy can be seen in Figure|5.7|for 250 MeV
photons emitted at & = 158° and ¢ = 339°. The energy resolution can be esti-
mated from the width of the peak, and the efficiency is defined from the number
of events reconstructed in the histogram (see Section [5.2.2] for more details on
the calculation of the energy resolution and the efficiency). The same analysis
has been applied for the energy reconstruction of the photons generated under
all combinations of 0 and ¢ angles and energies with the different geometries.
The results of the analyses are shown in the following sections.

SinglePhotonSingleE250Ph339degTh158Mvd2cmAl-1.root l

I
o 400
0 -
é 350 ;
F EnergyAfterSelection
3001 Entries 49910
- Mean 0.2401
250|— RMS 0.03041
C X2/ ndf 582.6 / 495
200 poO 216.6+ 1.5
E pl 0.2536 + 0.0001
150 = p2 0.007431+ 0.000050
r p3 -0.2643 + 0.0064
- p4 6.514 + 0.411
100
50—
0 C o b gl ey L

0.05 0.1 0.15 0.2 0.25 0.3
Energy (GeV)

Figure 5.7: Typical energy reconstruction histogram for photons emitted
at © = 155°and with 250 MeV energy.
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Figure 5.8: Reconstructed bumps in the electromagnetic calorimeter for a
simulation with 250 MeV photons without additional dead material. The
cross represents the projected impact position (x, y) where a generated 7y at
the corresponding angles (0, ¢) should hit the calorimeter. The ring around
the cross corresponds to conversion pairs (eTe™) which travel in opposite
directions inside the magnetic field (see Figure[5.9|for a better understand-
ing). The outer ring in the pictures corresponds to reconstructed bumps in
the barrel produced by secondary particles.
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Figure 5.9: Pair production event. A conversion pair e" e~ (blue and green
lines in the picture) travels in opposite directions inside the magnetic field
and hits the calorimeter at two different points disposed symmetrically
away from the point the original photon should hit the detector. Different
conversion pairs would hit the calorimeter in different positions. The accu-
mulation of events explains the ring disposition of the bumps in Figure[5.8]

A cross check between the angle the photons are generated and the point
they are reconstructed in the calorimeter was done by drawing the X-Y pro-
jection of the positions of the reconstructed bumps. In Figure [5.8] one can see
an example for the simulations performed with 250 MeV photons without ad-
ditional dead material (geometry STT-0). The cross in the pictures represents
where a photon shot at the corresponding 6 and ¢ angles should hit the BWEM
The cross is in agreement with the centroid of the reconstructed bumps in the
calorimeter. The ring structure around the cross corresponds to conversion pairs
(eTe™) which travel in opposite directions inside the magnetic field (see Fig-
ure [5.9] and caption for a better understanding). The outer ring in the pictures
corresponds to hits in the Barrel calorimeter, produced by secondary particles.

5.2.2 Analysis

Each reconstructed energy histogram was fit using the Novosibirsk func-
tion [[100]

) :Aexp{_% [mz [+ AT(E — Eo)] Hz} } 50

T2
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with

sinh <1: In (4))
A= . 5.2)
oty/In(4)
Here A is a normalization factor, E is the position of the maximum, G is the
standard deviation and 7 is a tail parameter.

The energy resolution has been defined as the full width at half maximum
(FWHM) divided by the maximum position,

2.35¢c
Eres = y . (53)

For the analysis, both 6 and u have been extracted from the fit results.

For the calculation of the efficiency, each fit function has been integrated
between u — 36 and u+ 26. This gives us an idea of the number of correctly
reconstructed events. The efficiency has been defined as the ratio of this integral
and the number of simulated events (50000).

PP Y Ll 5.4
- E)dE. .
50000 /,,_30 JE) G-

5.3 Results

5.3.1 Influence of the STT|dead material

Figure [5.10] shows three reconstructed histograms for the analysis of the
dead material of the from simulations with 250 MeV photons emitted at
¢ = 45°. Comparing them with the drawings shown in Figure [5.11] one can re-
alize that the histogram shown in Figure does not reproduce the deposited
energy of the photons very well because they are not hitting the calorimeter
(145° line in Figure [5.11). Only some secondary particles deposit their energy
in the crystals. The histogram in Figure [5.10b| shows a very good energy reso-
lution. This is because the photons in this case deposit their full energy in the
center of the calorimeter (155° line in Figure [5.11)). Finally, the histogram in
Figure shows the case in which photons only deposit part of their energy
in the calorimeter (150° line in Figure [5.11). Similar histograms are obtained
for the simulations with photons at ¢ = 1° and ¢ = 22.5°.

Based on this geometry, the simulations at 6 = 145° and 6 = 165° have
not been taken into account for the analysis of the energy resolution and the effi-
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Figure 5.10: Typical energy reconstruction histograms for photons with
paths inside, outside or partially inside the |EW—E"MC}

@o=1 (b) 0 =22.5° (c) o =45°

Figure 5.11: Schematic view of the trajectories followed by the generated
photons in relation to the backward electromagnetic calorimeter for (a) ¢ =
1°, (b) ¢ =22.5° and (c) ¢ = 45°.
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Eff Eres
E (MeV) 150 155 160 150 155 160
1 87.7 845 822 || 29.21+0.17 24.2940.13 25.15+0.15
30 22.5 89.6 843 825 || 27.57£0.15 23.32+0.12 23.38+0.13
45 90.8 84.6 823 || 28.72£0.16 26.214+0.14 23.51+0.13
1 845 84.6 823 || 23.51£0.15 12.2840.06 12.55+0.06
100 22.5 85.6 845 823 || 19.87£0.12 12.20£0.06 12.284+0.06
45 88.1 84.8 82.0 || 20.26+£0.11 12.60£0.06 12.5740.06
1 854 84.0 819 || 25.24+0.18 6.97+0.03  7.27£0.03
250 22.5 8.0 84.1 819 || 19.86+£0.14 7.07+0.03  7.09+0.03
45 87.7 84.1 820 || 18.31+0.12 7.20+0.03  7.39£0.03
1 79.6 83.1 82.1 || 26.284+0.23 4.74£0.02  5.02+0.02
500 22.5 83.0 833 81.8 | 20.68+£0.17 4.62+0.02  4.78+0.02
45 852 83.6 822 | 17.18+£0.12 4.83+£0.02  4.95+0.02
1 77.6 825 827 || 27.31£0.27 3.88+0.02  4.21£0.02
700 22.5 81.2 83.0 82.1 || 21.54+£0.20 3.84+0.02  3.97+0.02
45 834 832 828 | 16.66+0.12 4.01+£0.02  4.18+0.02

Table 5.4: Efficiency and energy resolution of theBWEMC]|from the study
without additional dead material for the (STT-0). The error of the
efficiency has been treated only statistically and it is of the order of 0.3%

t0 0.5%.
Eff Eres
E (MeV) 150 155 160 150 155 160

1 83.0 772 774 || 31.96+£0.21 25.3740.15 25.25+£0.16

30 22.5 83.8 77.7 77.6 || 29.91+0.18 24.33£0.16 23.56+0.13
45 85.8 777 774 || 31.54+£0.20 27.67£0.17 23.56+0.13

1 64.6 748 77.8 || 23.88+£0.30 12.71+0.07 12.68+0.07

100 22.5 712 747 775 || 20.19£0.19 12.63+0.07 12.4140.06
45 72.8 749 777 | 20.82£0.18 13.02+0.07 12.82+0.07

1 73.1 723 77.0 || 27.19£0.29 6.91+£0.04  7.30+0.04

250 225 79.6 723 76.8 || 22.18+0.18  7.04+£0.04  7.03+0.04
45 81.9 73.0 77.1 || 19.94+0.14 7.23+£0.04  7.30+0.04

1 63.5 72.8 789 || 28.80£0.55 4.85+0.02  5.17£0.03

500 22.5 745 732 78.1 || 22.86+£0.25 4.79+0.02  4.89+0.02
45 80.2 74.1 79.0 || 18.38+£0.15 4.97+0.02  5.07%0.02

1 68.6 73.8 799 || 28.78£0.41 4.07£0.02  4.37£0.02

700 22.5 771 738 794 | 22.79+0.23 4.02£0.02  4.17£0.02
45 80.2 75.1 80.6 || 17.88+£0.15 4.22+0.02  4.3740.02

Table 5.5: Efficiency and energy resolution of thefrom the study
with 2 cm of aluminum as additional dead material for the[STT|(STT-Low).
The error of the efficiency has been treated only statistically and it is of the
order of 0.3% to 0.5%.
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Eff Eyes

EMeV) | o 91 150 155 160 150 155 160
1 732 69.1 68.5 || 38.87£0.23 25.77+0.18 25.26+0.17
30 225 | 733 68.8 69.0 || 30514021 25.41£0.17 23.5040.15
45 752 692 68.7 || 32.324021 28244020 23.79+0.14
1 558 653 67.5 || 2491039 13.0040.08 12.82+0.08
100 225 | 612 648 67.6 || 20924022 12.66£0.08 12.48+0.07
45 62.7 652 683 || 20734021 13.23+0.08 13.09-£0.08
1 66.7 619 66.7 || 30491042 7.04£0.05  7.36+0.05
250 225 | 72.1 615 669 || 25.064£025 6.92+0.05  7.1240.04
45 748 623 672 || 21.9240.19  7.20+£0.05  7.4340.05
1 613 634 703 || 30.52£0.69 5.00£0.03  5.46+0.03
500 225 | 707 63.6 695 || 24384030 5.00+£0.04  5.2540.03
45 75.6 647 717 || 19.954£0.19 5.184£0.03  5.6240.04
1 675 657 73.0 || 30.58£0.51 4.39+0.03 4.85+0.03
700 225 | 753 664 719 || 23224024 4.47+0.03  4.6340.03
45 779 67.1 73.7 || 19.094£0.18  4.644+0.03  4.98+0.03

Table 5.6: Efficiency and energy resolution of thefrom the study
with 4cm of aluminum as additional dead material for the (STT-
High). The error of the efficiency has been treated only statistically and
it is of the order of 0.3% to 0.5%.

ciency of the calorimeter because the photons do not hit the calorimeter directly
or they deposit only a small fraction of their total energy.

Tables [5.4] [5.5] and [5.6] show the results of the analysis of the dead
material influence. One can observe that the energy resolution is basically un-
affected. At 250 MeV, the energy resolution is about 7% for all simulations.
However, the influence of the dead material is evident on the reconstruction effi-
ciency. The efficiency passes from about 85% without dead material to a 65% in
the case with 4 cm of aluminum (STT-High). This is because the photons either
interact with the dead material or not before reaching the but they do
not change their energy in flight. The photons that reach the calorimeter deposit
their energy normally. This is translated in a reduction of the detection efficiency
but the energy resolution remains the same. The efficiency values obtained for
the case with the highest dead material are still considered good for the recon-
struction of particles at backward angles.

In Figure one can see the fit histograms of reconstructed photons at
250MeV, 6 = 155° and ¢ = 22.5° generated using the three STT geometries
(STT-0, SST-Low and SST-High). One can easily see the influence of the dead
material on the efficiency by looking to the peak height. Fewer photons go into
the peak whereas more go into the tail with the increase of dead material. On the
other hand one can also easily see that the peak width, which gives the energy
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Figure 5.12: Typical histograms showing the energy reconstruction of pho-
tons emitted at 6 = 155° and ¢ = 22.5° with 250 MeV and the influence of
the dead material introduced by the The width of the peak and the
amount of photons reconstructed outside the maximum increases with the
amount of dead material. This is translated into an increase of the energy
resolution and a lowering of the efficiency.

resolution, is not really affected. It remains approximately the same in all three
histograms.
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Results 5.3

5.3.2 Influence of MVD dead material

The same kind of study as for[STT]dead material was done for the
The reconstructed photon histograms were fit with the Novosibirsk formula,
Equation (5.1)), and the energy resolution and the efficiency were calculated in
each case from the results of the fit using Equations (5.3) and (5.4)) respectively.

) EMeV) 150 250 700
345 2054 1611 13.29
45 66.38 53.82 53.13

Table 5.7: Efficiency results for the study of the dead material introduced

by the MVD)]

E (MeV)

0 30 250 700
34.5 26.89+0.29 7.31£0.11 4.19£0.08
45 28.57£0.20 8.24 £0.07 5.01 £0.04

Table 5.8: Energy resolution results for the study of the dead material in-
troduced by the MVD)]

Table[5.7shows the efficiency for each case simulated. For the simulations
done at ¢ = 78° the efficiency was impossible to measure because the photons
are emitted in a direction almost outside the (see left side of Figure
[5.5a)). The same problem appears for the energy resolution measurement at the

same angle (Table [5.8).

For the simulations done at the other ¢ angles one can appreciate that the
efficiency is very much influenced by a big block of dead material intersecting
the photon trajectory, but the efficiency is still above the 50% when the trajectory
intersects only the cylinder of dead material of the

For the energy resolution, show in Table [5.8] the same conclusion as for
the study with the dead material apply. The energy resolution is again not
affected much by the dead material in the cases in which the efficiency was
good. For the cases in which the efficiency was not good, the energy resolution
is in general worsen but in it can still be calculated in almost all cases giving
reasonable values (around 8% at E =250 MeV and ¢ = 45°).
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| Eresolution 250MeV |

(a)
| Efficiency 250MeV |
>
= 81.97 8230 8191
8170 82.89 83.32
8238 8324 8236
8321 8287 8251
8275 8227 82.03
8172 8192 8279 8243
8231 8160 8276 83.06
81.61 8211 8342 8224
3640 8251 8198 8351
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Figure 5.13: Energy resolution and efficiency map for 250 MeV (values
given in %). It includes the dead material introduced by the [STT] and the

MVDy
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5.3.3 Energy resolution and efficiency in the whole BWEMC

To have a complete understanding of the influence of the dead material in-
troduced by the [STT|and M VD] detectors, simulations with photons emitted un-
der 6 and ¢ angles covering half a quarter of the BWEMC|were done. The results
of the efficiency and the energy resolution from these simulations are shown in
Figure [5.13] for a photon energy of 250 MeV. One can see that the energy res-
olution is about 7% in this case for the whole central part of the calorimeter
(between 6 = 153° and 6 = 160.5°in Figure[5.13a)). In the most inner and outer
parts of the calorimeter (right and left bands in the plots) one can see the border
effects of the energy loss, i.e. the energy of the photons hitting there is not fully
deposit inside the calorimeter and the loss effects are translated into an efficiency
reduction.

One can recognize different areas in the efficiency map (Figure [5.13b).
Below 0 = 154.5°, the efficiency is lower because some photons have to go
through the cylinder. For ¢ € [339°, 349°] and ¢ € [339°, 349°] there is a
big reduction in the efficiency due to the blocks representing the dead material
of the Despite the efficiency being quite low in these regions, they cover
only a very small area (of the order of less than 10%) in front of the BWEMC
and do not represent a problem for the energy resolution, which stays nearly the
same (compare with the same areas in Figure[5.13a)). The inner part of the map
in Figure [5.13b] (orange region) shows an efficiency of about 82%. In this area
the photons go through the 2 cm aluminum plate that simulates the dead
material. Some of these photons are converted into e™ e~ -pairs and do not reach
the calorimeter but the efficiency in this region is still very good. Next to this
area, one can recognize a red band (~ 93% efficiency) for photons at 6 = 160.5°.
At this angle, there is a gap through which the photons can reach the BWEMC
without interacting with any additional dead material, being able to be detected
with very high efficiency. Above 6 = 162° some photons are again lost due to
border effects. Their energy is not fully deposited and they are reconstructed
outside the peak in the histogram (see for example Figure[5.10c).

5.4 Conclusion

Simulations of single photons with different energies and 6 and ¢ angles
have been done under different dead material conditions using the de-
tector setup. The energy resolution and the efficiency of the BWEMC| were cal-
culated in each case and the influence of the dead material was studied.

A map of energy resolution and efficiency was performed for half a quar-
ter of the Due to geometry symmetries this is enough to study the
characteristics of the whole
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5. Energy resolution and efficiency studies for the backward endcap calorimeter

The results showed that the efficiency of the BWEMC]|is very much low-
ered (below 20%) in some very small and localized points. These areas represent
less than a 10% of the whole solid angle covered by the BWEMC| Therefore,
this low efficiency spots should not be a problem for the detection of particles in
the backward direction. The efficiency stays above the 50% for a quarter of the
calorimeter and above the 80% for the rest.

On the other side, the energy resolution of the is very good (of
the order of 7% at 250 MeV) and it is not very much affected by the lowering
in the efficiency. Only the border effects can be noticed at lower and higher 6
angles.

Both characteristics of the BWEMC]| show that the performance of this
subdetector will be good enough to carry out the |PANDA| physics program and
the detection of particles under backward angles will be feasible.
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6

Feasibility study for a measurement of
the electromagnetic form factors in the
time-like region

This Chapter concentrates on the measurement feasibility of the
electromagnetic form factors (EMFE) of the proton in time-like region with

The [EMFF of the proton can be accessed via the annihilation process
pp — ete . Simulations to study the reconstruction of this channel as well as
to study the rejection of the background, mainly pp — w7, have been done
in the framework of this Thesis. Part of the results exposed here have been also
published in Reference [5]].

6.1 Simulation and analysis procedure

Simulations of signal and background samples at different beam energies
have been done following the conditions described in Sections [2.3.3| and 2.3.4]
of Chapter 2]

For the analysis of the signal, simulations with high statistics have been
used for the analysis of the detector acceptance and the study of the efficiency
corrections. Samples with the calculated amount of events expected for an inte-
grated luminosity of £ = 2fb~! have been used for the study of the feasibility
of measuring the cross section at different values of g>.
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6. Feasibility study for a measurement of the electromagnetic form factors in
the time-like region

Cut Reason for the cut
Very Loose
PID CUTS L(.)OSG Selection of electrons
Tight
Very Tight

CLyt o jmtn- > 1073 Rejection of extremely bad fits

CL CUTS . i
CLy+o- > 10-CLyt 1~ Rejection of pions

Table 6.1: PID and kinematic fit cuts applied to discriminate pp — T 7w~
from pp — ete.

All possible combinations of one positive track and one negative track
have been taken into account as candidates for the reaction pp — ete™ in all
background and signal channels. Once these preselection is done, the different
cuts on the electron particle identification probability are applied to sepa-
rate T from e. The number of candidates surviving to the cuts in the background
samples has to be very small in comparison with the signal samples. In addition,
also a kinematic fit using different hypotheses (pp — e*e™ or pp — 77 ~) has
been performed also over all signal and background samples. Additional cuts on
the confidence level of the fits have been applied to reach the desired background
suppression. Table shows a list of all the cuts used in the analysis.

A more detailed description of all the process is presented in the following.

6.2 Suppression of T~ and 1’1’ backgrounds

Due to the difference of six orders of magnitude in the cross section be-
tween the signal and the m+m~ background, three event samples of at least 108
T~ events each were simulated at q2 =8.21, 13.8, and 16.7 (GeV/c)>.

The strategy of the analysis is based in applying different and kine-
matic cuts to the background and signal samples in order to suppress the max-
imum amount of background whilst keeping the maximum amount of signal
possible. To discriminate pions from electrons, different cuts have been applied
to the combined likelihood for the assumption that the detected particle
is an electron. The numbers of simulated T" 7~ events left after Loose, Tight
and Very Tight cuts (corresponding respectively to the minimum values of
the identification probability 85%, 99% and 99.8% for each lepton of the pair)
are displayed in Table [6.2] The Very Tight cuts are needed to reach a rejec-
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Suppression of Tt~ and 1’1’ backgrounds 6.2

tion factor of at least few times 107 (pink line in Figure |6.1] as an example for
g% = 8.2(GeV/c)?) for all background samples.

Further selection based on the reaction vertex and on the kinematic fit
method, explained in Chapter ] is applied. The kinematic fit method is a con-
strained fit that takes into account energy and momentum conservation. From
this, a confidence level (CL) associated with T77~ hypothesis, CLy, and with
the ete™ hypothesis, CL,, are calculated. The selection of the electrons results
from two conditions: CLy . > 1073 (which corresponds to x> < 7 for the kine-
matic fit) and CL, > 10 CLy . These conditions result in an additional rejection
factor of the background of ~ 100. Finally, combining the kinematic fit with the
107 suppression factor of the cut (Table one can assure that the overall
background suppression factor is of the order of a few times 10° for all samples.
For |cos(0)| < 0.8, due to the value of the cross section of the background in
this angular area and due to the goodperformance of the detector, the T" 7w~
contamination does not depend drastically on the angle and remains below 0.1%
in the ¢” range of interest. This can be seen in Figure where the number of
misidentified background events is approximately constant at every cos9 after
the cuts.

10’
10°
—— Monte Carlo True
5 Very Loose
10 —— Loose
Tight
—— Very Tight

All Cuts combined:
Very Tight and CL

Number of events/0.1 cos 6,

- LAL L LLL) N L) B LT N LI L) B L LR L L L) I

10°
10?
10
1 M||||{_I||[j||
1 -0.8 -06 -04-02 0 02 04 0.6 0.8
COSGCM

Figure 6.1: Example of background suppression of pp — n7n~ at ¢> =
8.2(GeV/c)>.

91



6. Feasibility study for a measurement of the electromagnetic form factors in
the time-like region

# events

Three processes can be sources of ete™ pairs: i) double Dalitz decay of the two
70, ii) Dalitz decay of one of the pions and photon conversion from the other
pion, and iii) photon conversion from two different pions. All these processes,
with comparable rates, produce a six particle final state. However, even if the

g [GeV/c]? 8.2 12.9 16.7
Simulated 108 108 2-108
Loose 425 1.2:100 3-10°
Tight 31 70 120
Very Tight 2 5 6
Kinematic fit (CL) 8-10°  10°  2.5-10°

Table 6.2: Number of ttn~ events, misidentified as ete™, after Loose,
Tight and Very Tight[PID|cuts corresponding to respective minimum values
of the electron identification probability 85%, 99% and 99.8% and after the
confidence level (CL) cut on the kinematic fit for three different ¢> values

-
O

(see text).
1 1 1 1 1 1 1 1 1 _se 1 1 1 1 1 1 1 1 1
o, 5
- 2103 L
H*
4
- 1 0. L
\ _'-LLH_‘_‘_"'_’,-'JJ_L
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— Montecarlo True events
| 104 1” Reconstructed events

1|+l —ete y+ete y| |

Confidence Level Cut

m’+m’—ete y+yy

]
Ccos GC
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Cos eCM

_"2 1 1 1 1 1 1 1 1 1
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14 7TO+TrO4>yy+yy
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Figure 6.2: Suppression of mn® background events, including possible
Dalitz decays. The left plot corresponds to normal decay of n°, the middle
plot corresponds to one of the n° decaying via Dalitz decay and the right
plot corresponds to both n° decaying via Dalitz decay. The curve after CL
cuts is not visible in the plots since there are no background misidentified

events after this cut.

For the 11t channel, Dalitz decay, 1° — e*e ™7, has a probability 1072,

produced ete™ pairs fulfill the cut, the kinematic constraints give a rejec-

tion factor, which combined with the probability for such processes, lead to an
efficient suppression of this background. Moreover, by requiring that only a sin-
gle eTe™ pair has been identified in the whole detector solid angle, it is possible
to reduce even further the contribution of this channel. Figure [6.2] shows that
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Analysis of the ete™ channel 6.3

only CL cuts are enough to suppress the whole background coming from possi-
ble n°n” decays: no misidentified event survives to the cuts.

6.3 Analysis of the e"e¢~ channel

The same cuts used for the suppression of the background were used for
the analysis of the signal in order to assure that the background contamination
fraction remains below the required 0.1%. Simulations for the reaction pp —
eTe™ were done at the nine ¢ values corresponding to Table for R =0, 1,
and 3.

A realistic projection of the angular distribution of e™ e~ events expected at
is given in Figure [6.3] for ¢> = 8.21 (GeV/c)?, assuming |G| = |Gy|.
The reconstructed events (red squares) are obtained with a full Monte Carlo
simulation that takes into account tracking, detector efficiency, and acceptance.

» 2000 I [P
e i -~ —~t f c
- pp—ee 8
O | 2 =
54000 q =8.21 (GeV/c) g 2
o) i o O
o LAe - ©
S . SPY . | 2
-] L2 T
z B S S = 2
3000 | 09 o 500 70'6 §
- |
r 7*:1‘::1‘:* S, |
i s e by
2000 [, ) Hg 04
i ‘- S e N halial ‘- . :
S - g B - n
1000 - ¢ Monte Carlo —10-2
+ ™ Reconstructed 4]
- Efficiency corrected -
i —+— Reconstruction efficiency 2
| T T S S S S Y S S A R 0
O—1 -0.5 0 0.5 1
cos 6

Figure 6.3: Angular distribution of electrons from e*e™ pairs as a func-

tion of cos 0 at q2 =8.21(GeV/c)%: generated events (black circles), recon-
structed events (red squares), acceptance and efficiency correction (blue
stars, left scale), and efficiency corrected events (green triangles).
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Figure 6.4: Reaction pp — e e~ : average reconstruction efficiency as a
function of ¢> (black solid line). The effect of applying kinematic con-
straints (red dashed line) and [PID] cuts (blue dotted line) are separately
shown.

The reconstruction efficiency corrections (blue stars, right scale) have been ob-
tained from an independent simulation with high statistics which assumes an
isotropic electron distribution. Once corrected for this efficiency, the distribu-
tion (green triangles) nicely agrees with the generated data (black circles). One
can see that at this ¢ value the average efficiency is on the order of 40%. The
reconstruction efficiency depends on the angle. The sudden drop at | cos8| > 0.8
corresponds to a decrease of the efficiency. At ¢g*> = 8.21 (GeV/c)? the poor
dE /dx identification from the STT is responsible of this drop. The loss of ef-
ficiency at cos® = 0 is due to the two holes drilled in the iron yoke for the
injection of the target material. This areas are as a consequence not covered by
any detector. Similar plots as in Figure are shown in Appendix |A| for all the
other simulated energies, including also a fit to the reconstructed and corrected
angular distribution (see next Section).

The reconstruction efficiency, after integration over the angular range
|cosB| < 0.8, is shown in Figure It is maximum at q(Z ~ 8(GeV/c)? and
decreases to 15% at q2 ~ 23 (GeV/c)?. The effects of PID| and kinematic con-
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straints are shown separately. The drop at large ¢ is mainly due to cuts be-
cause the laboratory angular distribution is more forward peaked with increasing
g%, whereas the kinematic selection shows a nearly constant behavior.

6.4 Results and discussion

For each ¢ value, the simulated differential cross section was fitted with
a two-parameter function, in order to extract a global normalization o and the
form factor ratio R = |Gg|/|Gy|, according to

N(cos®) = a[t(1 +cos®8) + R *sin> @] (6.1)

The reason for that is because the luminosity was not taken into account in the
first analysis. The results are shown in Figure[6.5] where the expected statistical
uncertainty on & is plotted as a function of ¢ as a yellow band for the case
R =1 and compared with the existing values from References [2] (squares)
and [[101] (triangles). The results of the fits for all simulated q2 values and as-
sumptions for the ratio X can be seen in Appendix |Al In addition to the fits for
the extraction of R, several methods were used to extract the error bars. Dif-
ferent kinds of fits were performed with MINUIT, extracting R or K > from the
quadratic Expression (6.1)) and also from the angular asymmetry which enters
linearly in a cos?® distribution (see [S] for more details on the angular asym-
metry definition). A Monte Carlo method was also used. Detailed discussion
and numerical values for different assumptions of & can be found in Refer-
ence [102]]. As an example, for q2 = 13.84 (GeV/c)?, one obtains from a Monte
Carlo approach X = 1J_r8:g‘1‘, R = 3“:8:2(3) and an upper limit of 0.61 (CL = 68%)
for R = 0. Therefore we concluded that a meaningful value for & can be ex-
tracted up to g> ~ 14 (GeV/c)?. In the low ¢ region, the precision is at least an
order of magnitude better than for the existing data. With a precise measurement
of the luminosity the extraction of |Gg| and |Gy| in time-like region will also
be possible. Their values can be compared with the corresponding space-like
values and with existing model calculations.

Model predictions vary widely as shown in Figure [6.5] A QCD inspired
parametrization based on scaling laws [55,56] predicts X = 1 (red dashed line).
The green solid line is based on a vector meson dominance approach
from Reference [[103], and grows up to q2 ~ 15 (GeV/c)?. The blue dash-dotted
line is the prediction of Reference [104]], based also on but including
terms to ensure the proper asymptotic behavior of QCD. These models, origi-
nally built in the space-like region, have been analytically extended to the time-
like region and the parameters have been readjusted in Reference [105] in order
to fit the world data in the whole kinematic region (i.e., in space-like region,
the electric and magnetic proton and neutron [EMFF, and in time-like region,
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the magnetic FF of the proton and the few existing data for neutron [106]]). Al-
though these models reproduce reasonably well the data, they give very
different predictions for the form factor ratio. Polarization observables show a
large sensitivity to these models (Reference [[103]).

c 3

2.5

-t
(3]
| T 1T | T 1T | T 1T | T 1T | T 1T | T 1T

| | ‘ | | |
4 6 8 10 12 14
o [(GeV/c)]
Figure 6.5: Expected statistical precision on the determination of the ratio
R, (yellow band) for X = 1, as a function of qz, compared with the ex-

isting data from References [101]] (triangles) and [2]] (squares). Curves are
theoretical predictions (see text).

At larger ¢%, when the sensitivity of the experiment is insufficient to ex-
tract R directly from a fit, |Gys| will be determined assuming X = 1, as done
in previous measurements. With a precise knowledge of the luminosity, the ab-
solute cross section can be measured up to g ~ 28 (GeV/c)?. The precision of
such a measurement assuming |Gg| = |G| is shown in Figure [6.6]

The comparison with the world data shows an expected improvement of
at least a factor ten. Here only the statistical accuracy, based on the number of
events measured and identified is taken into account. The reported error bars are
based on a conservative extrapolation of the values reported in Table [6.2]

Systematic effects of the tracking and reconstruction procedure will be
evaluated for the real data, mostly by measurements of known reactions, which
are the source of well controlled data samples.
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Figure 6.6: ¢ dependence of the world data on the effective proton time-
like FF, |Gy, as extracted from the annihilation cross section assuming
|Ge| = |Gy|: BaBar [[101] (red full circles); Fenice [[106] (blue open cir-
cles); E835 [1L,[107] (green open lozenge); PS170 [2] (gray open stars);
E760 [54] (blue asterisk); DM1 [108] (green full triangles); DM2 [[109]
(green open squares); BES [[110] (cyan open cross); CLEO [111]l(blue tri-
angle down); (full black squares) corresponding to an integrated
luminosity of 2 fb~!, errors are statistical only (this work).

Comparing such data samples to simulations, as a function of momentum
and angle, will allow one to check the rejection power against pions for each
subdetector and to determine the electron identification efficiency. This insures
complete understanding of the global rejection probability (i.e. the purity of the
electron data sample) and knowledge of the overall electron reconstruction effi-
ciency.

6.5 Simulations with muons

The same analysis for the extraction of the protons form factors could be
done using the reaction

pp— . (6.2)
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6. Feasibility study for a measurement of the electromagnetic form factors in
the time-like region

The cross section for this process is also given by Equation (2.23). Different
simulations for the signal were also done to study the feasibility of measurement
of the form factors using this process at the ¢> values and hypotheses for %
shown in Table

¢> R hypothesis N events simulated

0

5.4 1 100
3
0

8.2 1 106
3
0

12.9 1 10°
3

Table 6.3: X hypothesis for the simulations and number of events simu-
lated in each case.

Two samples of background, which is assumed to be the same as for the elec-
tronic case, were generated at g> = 8.2 and 12.9 GeV/c? and analysed to study
the rejection factor in this case. The separation of muons and pions using only
[PID| cuts was found to be more difficult than in the case of electrons. The hy-
potheses used in the likelihood level for the identification of muons are shown in
Table [6.4] The reason why the [PID|cuts were not helping in the discrimination of
u is because the muon detector was not fully implemented in the simulation soft-
ware, and only three detector layers were taken into account. This is translated in
a very poor efficiency for the identification of muons. In addition to the PID cuts,
also the kinematic fit analysis was performed using two hypotheses: y"u~ and
7t~ . The cuts applied to the confidence level of the fits under both hypotheses
are also shown in Tablg6.4] The similarity among the masses of © and u makes
the kinematic fit to fail in the separation of background and signal. Combining
the CL cuts with the previously studied [PID|cuts one can get a good background
suppression, but it implies a drastic signal reduction in all cases. An example of
these results can be seen in Figure for the simulations at g> = 12.9 GeV/c?,
where different and CL cuts have been applied to signal and background
samples.
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Cut Reason for the cut

VL
L
PID CUTS T Selection of muons
VT
LH>90%

CL+y~ > 1073 Rejection of extremely bad fits
CLCUTS CLy+,- <10-CLgig-

Reiecti f o
CL,U - < 50 CLy+ ejection of pions

Combination of cuts

Combined 1~ LH>90% + CLy+, > 107> + CL+,- < 10-CLyiq-
Combined2  LH>90% + CLy+, > 1073 + CLyt - < 50-CLyiq-

Table 6.4: and kinematic cuts used for the study of the measurement

of the using muons.

7 Cut Background Suppression  Signal Efficiency (%)
g2 Combined 1 3.7-107 0.30
" Combined 2 3.7-107 0.07
129 Combined 1 1.1-108 0.22
” Combined 2 1.1-108 0.03

Table 6.5: Background suppression and signal efficiency achieved using
muons as signal.

Table [6.5] shows the achieved background suppression and the signal ef-

ficiency after the studied cuts. A measurement of this channel would not be
possible under the simulated conditions if we want to keep a sufficiently clean
sample. Although the results obtained in this analysis are not very promising,
we expect that the same simulations and a similar analysis could be successfully
done using the new PandaROOT software. This software will include better
capabilities for muons, i.e. it includes all the foreseen layers for the muon detec-
tor, and the results are expected to be better in the new framework.
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6. Feasibility study for a measurement of the electromagnetic form factors in
the time-like region
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Figure 6.7: Reconstruction of pp — u*u~ and pp — ntn~ background
suppression.
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Measurement of the transition
distribution amplitudes

The measurement of the differential cross section for the channel pp —
eTe 0 with will serve as a test of the predictions given by the transition
distribution amplitudes (TDA]) production mechanism and as a test of the valid-
ity of this approach. Dedicated simulations have been performed in the frame-
work of this Thesis to study the feasibility of measurement of this channel with
This Chapter summarizes the work done and shows the results of the
analysis.

7.1 Simulation studies and analysis procedure

Several simulations for signal and background have been performed fol-
lowing the conditions described in Sections [2.4.1.1and [2.4.1.2] of Chapter 2] for
W2 =5(GeV/c)* and W2 = 10 (GeV/c)*.

The simulation of the signal has been done in two steps. First, 10 events
were simulated to study the reconstruction efficiency and the detector accep-
tance. The results of these simulations were later used for the correction of the
reconstructed events in a sample with the expected statistics for an integrated
luminosity of £ =2fb~!. Second, simulations with realistic statistics were per-
formed to study the feasibility of measuring the channel of interest (reaction in

Equation (2.43)).

For the background rejection, at least 103 pp — ™~ n events, following
the same angular distribution than the signal, were generated in each case. The
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7 . Measurement of the transition distribution amplitudes

Reaction W2[(GeV/c)?] 70 Novents
28 nfral 5 forward  ~~ 108
é'i ntnn0 5 backward ~ 108
&‘08 + () 8
S8 mnw 10 forward  ~ 10
82 wtnnl 10 backward  ~ 108
2 ete nd 5 forward = 10°
8z eftend 5 backward = 10°
Q=
%E ete nd 10 forward  ~ 10°
s ete md 10 backward ~ 10°
o g etem° 5 forward 150000
g2 eten 5 backward 150000
gg ete 0 10 forward 6000
etem0 10 backward 6000

Table 7.1: Number of events simulated for the analysis of jp — e*e™n°

and rejection of the major background channel, pp — nrn~n°, divided in
three blocks: background rejection studies, efficiency studies and expected
statistics.

=5(GeV/c)> W?=10(GeV/c)?

Simulation limits 3.61 < ¢*> <529 5.76 < ¢*> <9.18

Analysis limits ~ 3.8<¢*<4.2  7.00 < g* < 8.00

Table 7.2: ¢ limits for the simulation and analysis of pp — e*e™n°.

background suppression power was studied with these samples. Table|/.1|shows
a compilation of the total number of events simulated for different samples of
signal and background. Each simulation has been done in a slightly broader ¢>
region than the one selected for the analysis to be able to avoid border effects
in the estimation of the reconstruction efficiency. Table shows the ¢? limits
used for the simulation of the events and the values used for the analysis of the
signal.

For the selection of event candidates all possible combinations of two neu-
tral tracks combining in a n° candidate and two charged tracks (one positive and
one negative) have been performed. In some cases, there are two or more can-
didates per simulated event but after the cuts chosen for the analysis only the
best candidate survives. Several cuts were studied with the goal of suppressing
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Simulation studies and analysis procedure 7.1

the major amount of background, but keeping the maximum amount of signal
possible. One can find a definition of all the applied cuts in Table By ap-
plying more restrictive cuts, the amount of misidentified background events is
reduced, but also the amount of signal events is decreased. After applying the
different cuts, one can compare the amount of signal and background surviving
to each one and choose the cut which represents the best compromise of signal
and background suppression. The best cut has been selected to be the one that
gives the highest signal significance, defined as

Sg
N Cut

Sgq = ———Cut___
5 NSg NBg
\/ Cut + Cut

To calculate it with the information from our simulations the same cuts
were applied to background and signal samples with high statistics. A back-
ground efficiency was defined as

(7.1)

Bg
N Cut
Bg
True

Effg, = (7.2)

An analogous definition was used for the signal efficiency,

S8
N Cut
Sg
True

Effs, = (7.3)

In this way we calculated normalized efficiencies.

For each sample, the signal significance has been calculated as a function
of the selection cut and taking into account a realistic amount of signal and
background events, corresponding to an integrated luminosity of £ =2fb~!, and
the expected relation between signal and background events N%?le =10° -N%fue.
In this way the signal significance is

o _ Effs, NpS .
Sg — e
\/ (Effs, + 100 Effg,) N3S

True

(7.4)

A plot with the values of the signal significance as a function of the cut
number (cuts are defined in Table can be seen in Figure The best cut
corresponds in the four simulated cases to the selection of exactly one Very Tight
electron and one Very Tight positron. The preselection of the event candidates
implies that a valid ¥ is also combined. A kinematic fit to the reconstructed
tracks, which takes into account energy and momentum conservation, was done
under two different hypotheses: eTe~n” and n7n~n°, each one considering the
signal or background products respectively. However, the results of the fits were
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7 . Measurement of the transition distribution amplitudes

Ncut Definition of the cut

1 No additional cuts, only event selection cuts involved

2 Exactly one electron and one positron (2 tracks) with
Very Loose probability.

3 Exactly one electron and one positron (2 tracks) with
Loose probability.

4  Exactly one electron and one positron (2 tracks) with

Tight probability.

Exactly one electron and one positron (2 tracks) with

Very Tight probability.

Cut 5 and Cut 17

Cut 5 and Cut 18

Cut 5 and Cut 19

At least one electron and one positron with Very

Loose probability.

10 At least one electron and one positron with Loose
probability.

11 At least one electron and one positron with Tight
probability.

12 Atleast one electron and one positron with Very Tight
probability.

13 Cut 12 and Cut 17

14 Cut 12 and Cut 18

15 Cut 12 and Cut 19

16  Confidence level for the fit with ete~n hypothesis
greater than 1073

17  Cut 16 and confidence level for the fit with eTe~nt°
hypothesis greater than the confidence level of the fit
with 7t~ 1" hypothesis

18  Cut 16 and confidence level for the fit with e*e~nt°
hypothesis greater than two times the confidence level
of the fit with =¥~ 7 hypothesis

19  Cut 16 and confidence level for the fit with eTe~nt°
hypothesis greater than three times the confidence
level of the fit with T" 7t~ 7" hypothesis

20  Cut 16 and confidence level for the fit with eTe~ 7"
hypothesis greater than four times the confidence
level of the fit with ttm~n° hypothesis

9,1

NelNo N Be)\

Table 7.3: Definition of the cuts used for the background suppression stud-
ies.
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Background suppression 7.2
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Figure 7.1: Best cut selection analysis: The criteria to select the best cut
is based on the maximization of the signal significance. In all cases the cut
number 5 is the best one. This cut corresponds to one Very Tight electron
combined with one Very Tight positron and requiring only two charged
tracks. Two neutral particles combining a n° candidate are also required.

not satisfactory and were very similar in both cases. The reason for that is that
there were two charged tracks to be fitted together with two neutral candidates
combined into a . The minimization process for the fit does not work properly
anymore for so many degrees of freedom. In addition, also the resolution of the
¥ in the electromagnetic calorimeter is very bad in comparison with the
resolution for photons and electrons.

A second way to select the event candidates would be to combine one
positive charged track with one negative charged track and look for the missing
mass. The missing mass has to correspond to the mass of the undetected nt°. If
this condition is fulfilled, the event could be treated as a valid candidate. Al-
though this method has not been used for the analysis presented in this Thesis it
would be a future step to follow.

7.2 Background suppression

Applying the selected best cut to the background samples one achieves a
background suppression factor close to 103 for W? = 5 (GeV/c)? with the n° in
forward direction and at least 108 for the other cases (see Table .
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7 . Measurement of the transition distribution amplitudes

Direction W? =5(GeV/c)> Suppression W? =10(GeV/c)®> Suppression

Forward 2/99210000 9.92-107 0/108000000 > 1.08-108
Backward  1/103460000 1.03-108 3/108280000 1.08-108

Table 7.4: Background suppression factor for the channel jp — nrn .

In the second and fourth columns are shown the number of misidenti-
fied background candidates over the total amount of events generated in
the simulation. The corresponding suppression factor is shown in columns
three and five.

A study of the remaining background contamination fraction was done
with realistic statistics. Table shows the results of this study. The expected
number of reconstructed signal and background events was calculated using the
definitions in Equations and in the previous Section, starting from the
expected amount of True signal and background events. Later, the background
contamination in the whole reconstructed sample was defined as
Bg

M,

Reco
— (7.5)
Nréco + Mo

Reco

Contg, =

The background contamination remained below 10% for W? = 10 (GeV/c)? and
7° backward. For the other simulations, the background contamination was
lower than 5% and a measurement of the cross section seems to be possible.
These results can be used for disentangling the amount of background events in
the reconstructed event samples in where signal events and misidenti-
fied background ones are reconstructed together.

7.3 Signal analysis

The first analysis of the signal samples with expected statistics for an in-
tegrated luminosity of £ = 2 fb~! was done considering that there was no back-
ground contamination in the data sample. For the study of the efficiency correc-
tion, and to avoid border effects in the estimation of the reconstruction efficiency,
the simulations with high statistics were done in an extended ¢> range. An ad-
ditional cut on ¢* and At , was done to select the kinematic region in which we
want to measure.

In Figure one can see a schematic representation of the cuts done
for the study of the efficiency correction. True events simulated outside the
qﬁ]in’ana <¢< qrznax’ana region could be reconstructed inside this region and the
other way around. For the efficiency correction calculation the events recon-
structed between the kinematic region of interest and the True events simulated
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Signal analysis 7.3

W2 Forward I Backward
[(GeV/c)?] Signal Background \ \ Signal Background
Expected number of True events
S B S B
N. Trgue N. Tré:le H N. Trgue N Tré;e
5 150000 1.5-10!" 150000 1.5-10!"
10 6000 6-10° 6000 6-10°
Efficiencies [%]
Effs, Effp, I Effs, Effp,
5 4328+0.05 (2.04+1.8)-107%| 34.0940.05 (1.0+£1.4)-107°
10 47244005 (0941.3)-1076| 26.04+0.04 (2.8+1.9)-107°
Reconstructed events after efficiencies
S B S B
N R(%c]co M Rgco ‘ ‘ M Rico M Rfco
5 64916 3023 51134 1449
10 2834 55 1562 166
Background Contamination [%]
COIl'[Bg7 Fw H COD’[B& Bw
5 44437 2.84+3.8
10 1.9+£2.7 9.6+5.8

Table 7.5: Signal purity calculation taking into account realistic statistics
based on an integrated luminosity of £ = 2 fb~! for signal and background.
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7 . Measurement of the transition distribution amplitudes

NA

True

Recog,

2
q min,sim

q 2max,sim q 2=[(GeV/C)2]

2 2
q min,ana q max,ana

Figure 7.2: Selection of the kinematic region in g°.

inside the same region were considered. The border effects are reduced in this
way. Following the notation in Figure[7.2] the efficiency correction is defined as

Sg 2 2
C o — NRCCO [qmin’ana’ qlnax,ana] ) (76)

Sg 1.2 2
NTI'U,C [qmin,ana7 qmax,ana]

Table[7.2]shows the limits in which the efficiency correction has been stud-
ied for each simulation. An additional cut ATno < 0.5 GeV/c was also applied to
the reconstructed events. In our simulation, the events were always generated at
AT,to = 0 GeV/c. However, the events were reconstructed outside this limit value.

For the improvement of the efficiency correction, a new simulation with the ©t°
beyond ATno = 0.5GeV/c 1s needed, but it could not be done because the event
generator was not yet developed. A sample with the expected number of True
events simulated for an integrated luminosity of £ = 2fb~! was analysed for
each W2 and n° direction using the best cut selected in the background suppres-
sion study. The results showed that the measurement of the cross section could
be done in all cases (see Table[7.6) keeping the relative error on the reconstruc-
tion of signal events below the 5%.

A second analysis introducing the expected fraction of misidentified back-
ground events in the sample was done. The amount of misidentified events
was statistically estimated using the background contamination value (Equa-
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Signal analysis 7.3

] . Sg Sg Sg
Simulation N True N Reconstructed NC orrected

5(GeVic)? - fw 72263 £269 30661 £ 175 72732 4+ 433
5(GeV/c)®> -bw 72405 £269 25386 + 159 73164 + 488
10(GeV/c)? - fw 1336 +37 662 £ 26 1319 £ 51
10(GeV/c)*> -bw 1313 +36 394 £ 20 1312 £+ 66

Table 7.6: Analysis of pp — e* e~ 1’ without taking into account the back-
ground contamination.

Simulation ngfifzfzm cted Ng‘fm acted Relative Error [%]
5(GeV/ic)>-fw 31967 £ 179 30544 + 1190 4
5(GeV/c)>-bw 26067 + 162 25348 + 1601 4
10 (GeV/c)*-fw 674 £+ 26 661 £+ 31 5

10(GeV/c)>-bw 429 + 21 387 + 31 8
Ngi rrected Relative Error [%]

5(GeV/c)*-fw 72454 + 2825 4

5(GeV/c)*-bw 73055 £ 2889 4

10 (GeV/c)?-fw 1317 £ 62 5

10 (GeV/c)?>-bw 1289 4+ 104 8

Table 7.7: Analysis of pp — e*e n taking into account the background
contamination fraction.
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7 . Measurement of the transition distribution amplitudes

tion ([7.5))) calculated in Table The total amount of reconstructed events was
taken to be the sum of the reconstructed events in the sample without background
contamination plus the calculated fraction of misidentified events,

NgtBE = NS 4 NRE (1.7)

Reconstructed ~ ~ ' Reconstructe Estimated®

The result was taken as the real number of events that would be measured by
From this new sample, the fraction of signal and background events
had to be calculated again using the values in Table Finally, the calculated
fraction of signal events was corrected using the calculated value for the effi-
ciency correction, extracted from the simulation of signal with high statistics.
Table [/.7] shows the results of this last analysis. In all the calculations shown
here, only statistical errors have been considered [|112]. The measurement of the
number of events in the kinematic region of our interest could be done within a
relative error lower than 8%, being this the value in the worst case. The number
of measured events have been corrected integrating the number of events on g°.
The study done for the background contamination fraction is valid only for the
integrated cross section in g>. The determination of the integrated number of
events has the advantage that it minimizes the statistical error.

A study of the angular distribution of the events as a function of ¢* using
only few bins (~ 5) could be done without taking into account the background
contamination. In Figure[7.3|one can see how the corrected signal would look in
this case. However, to be able to perform this kind of analysis taking into account
the background, a more detailed estimation of the background suppression bin
per bin is needed. So far this was impossible to do due to the huge amount
of simulated background events needed to perform this study (more than 10'°
events per case), which is translated in a computational time constraint. The
discrepancies between the simulated signal and the corrected signal, specially
for the case at W2 = 10(GeV/c)? and the n° backward, come from statistical
fluctuations and due to the small cross section in this case. This can be easily
check by increasing the amount of bins in the histogram (see Figure [7.4)). As
an effect of the random event generator, there are less events in the last bins in
the histograms in which the bin size is bigger, but the events appear consistently
distributed if one decreases the bin size.

Using the integrated luminosity, one can measure the integrated cross sec-
tion of (2.45) in the region calculated in Reference [62]. The comparison of
the measured cross section to the theoretical predictions constitutes a test of the
[TDA| production mechanism.

The results of these simulations show that such a comparison could be
done with data taken by Although new event generators for signal and
background are needed, the simulations presented here represent the worst pos-
sible scenario for the separation of signal and background. Therefore, an im-
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Figure 7.3: Reconstruction and correction of the ¢*> angular distribution
of the reaction pp — eTe ", The background contamination is not taken
into account.
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Events

600[— ]l 8
I — Expected True events in g region 1.4 2
[ - Expected Reco Signal after cuts 48
500 ™ Acceptance correction ] H
[ — Corrected events 125
g 1 8
r i P
400 L B §
r == Jos &
- o -— o
300— _%_ | E
C == ] w
F ———————— —06
200, DR ]
F T o4
100 = - o2
oL | | | | | |
° 6.5 7 7.5 ] °

8.5
o2 (GeV?)

(a) W2 = 10(GeV/c)?, n° forward, 5 bins

= ;| c 4}
300— Expected True events in g region 14 2 S
 —- Expected Reco Signal after cuts 1143 @
[ —= Acceptance correction 1 %
250~ . Corrected events —1.2 §
C ] §
200— a1 3z
- - c
C . 2
r —os g
150 — 1
F —o6
100[— ]
C —oa
50 F —o.2
ol N IR B I | L Jdo
6.5 7 75 8 8.5
o2 (GeV?)

(b) W2 = 10(GeV/c)2, n° forward, 10 bins

160— ]

[ —— Expected True events in g° region -

- Expected Reco Signal after cuts —]1.4
140~ .- Acceptance correction a

[ — Corrected events 1o
120(— k.
100/~ \" | ER

B mhil ]

r | . —os8
80— ‘ m‘ [l ]
60 .i{w .lilf. —06

:— -‘%l\‘l\ | ?“" i j04
40: ! ‘TT‘T;%T; ' hp 1

F o Telll, B
20— LA —o.2

06:‘ S S I S N RN BRSNS BRI ‘:‘.)0
q? (GeV?)

(¢) W2 = 10(GeV/c)?, n° forward, 20 bins

Figure 7.4: Influence of the bin size in the statistic fluctuations. With big-
ger bins, it seems to be an inconsistency in the number of events in the last
bins of the histogram. However, by decreasing the bin size, one can see that
the events are nevertheless, consistently distributed following the defined
¢* angular distribution.
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Signal analysis 7.3

provement in the results is expected with more realistic background and signal
event generators.
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Conclusion and outlook

In this thesis several studies related to the PANDA detector at [FAIR have
been exposed. In particular, two of them are related with the study of the
electromagnetic form factors of the proton and the transition distri-
bution amplitudes (TDAJ)). The other one is related to the development of the
backward endcap of the electromagnetic calorimeter (BWEMC)) of[PANDA| The
importance of the hadron structure study is intimately related with the improve-
ment of our knowledge of the strong force in the low energy regime. The
are very suitable variables to understand the proton structure. The can be
measured via electron elastic scattering in the space-like region, and via electron
or proton annihilation processes (e*e~ — pp or pp — e'e™) in the time-like
region. The detector will offer a unique opportunity to measure the an-
nihilation of proton-antiproton into electron-positron pairs. The high luminosity
that will be achieved in [PANDA| will increase the statistics in the measurement
of this reaction compared to previous experiments allowing the determination of
the proton with precision at least one order of magnitude better in a wide
g* range.

Feasibility studies of measuring proton [EMFH at [PANDA] have been pre-
sented. Realistic Monte Carlo simulations have been performed taking into ac-
count the geometry, the material budget and the performance of the future de-
tector, as well as its tracking efficiency and particle identification power. Sev-
eral background reactions have been considered, with particular attention to two
body hadron production due to its close kinematic similarity to the signal pro-
cess. The results show that, applying combined particle identification cri-
teria and kinematic constraints, it is possible to reach a background to signal
ratio of the order of 0.1%, which is sufficient to ensure a clean identification
of eTe™ pairs corresponding to the reaction of interest (pp — e*e™). The ra-
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8. Conclusion and outlook

tio |Gg|/|Gu|, which was measured by BaBar with a 40% uncertainty, will be
measured by with a precision of few percent, increasing the precision
by at least a factor 10 with respect to previous measurements. The ratio of the
electric to the magnetic form factor will be measurable until q2 ~ 14 (GeV/c)?,
with an error comparable to the existing data taken at much lower g>. Above this
value it is still possible to extract a generalized form factor from the total cross
section and test its asymptotic and analytic properties. With a good luminosity
measurement the form factors |G| and |G| can be extracted individually.

The study of the efficiency and energy resolution of the BWEMC]|was also
of significant importance for these studies. The good detection of electrons and
photons in the backward direction is mandatory to be able to measure the chan-
nel pp — ete ¥, important in the approach. Several simulations were
performed to study these characteristics, taking into account the ge-
ometry and the dead material introduced by other detectors placed in front of our
calorimeter. The results showed that the efficiency and energy resolution are suf-
ficient to detect electrons and photons in different energy ranges and traversing
different thicknesses of dead material. Only in some small spots the efficiency
was lowered very much due to the material budget in front of the calorimeter.
However, this was not affecting the energy resolution, which stays around the
expected values.

At higher energies, a second approach to study the hadron structure is the
use of are new non-perturbative objects describing the transition
between a baryon and a meson. They are used in the cross section calculation
of hard exclusive processes. The validity of this approach can be investigated
in by measuring the cross section of pp — eTe~n” and comparing the
results with the theory values. Dedicated simulations have been done to study
the feasibility of measuring this cross section. The main background channel,
pp — ntn—nY, was taken into account. For the simulation of signal, the event
generator was based on the cross section calculation available for pp — eTe™n°
using the[TDA]approach. This calculation is done for zero transverse momentum
of the pion. Although a new event generator for non-zero transverse momenta
for the pion is needed, no big differences in the reconstruction efficiency of the
signal in the kinematic region of interest are expected. The cross section of the
main background channel was unknown at the moment the simulations were
done. To be able to perform the studies, the background was simulated using
the same angular distribution as the signal and it was supposed to be 10° times
higher. The first assumption was taken because that represents the worst case
for the suppression of background, being then a very conservative approach. A
good background suppression under these conditions is very promising because
it can be improved with a more realistic background angular distribution. The
background to signal cross section ratio was chosen to be 10° following the av-
erage value taken for the study of pp — eTe™ reconstruction. Dedicated theory
work is being done in order to calculate the background channel cross section
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to perform a better simulation. The results showed that the signal cross section
can be measured with a relative error of about 8% in the worst case, sufficient
precision for a first comparison to the predictions given in the approach.

In this Thesis it has been shown that is an ideal tool to study nu-
cleon structure observables with high precision. The key point in these studies
has been the clean separation of a dilepton signal from hadronic background
with very high efficiency. One can expect that this clean identification of dilep-
tons can be used to measure other electromagnetic processes like for example
Drell-Yan.
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A

Electromagnetic form factors fits

This Appendix includes the results of the fits to the reconstructed corrected
and angular distributions of pp — e*e™. For the correction of the reconstructed
distributions, the result of simulations with high statistics and flat angular distri-
butions which studied the acceptance of the detector have been used. Only one
result for one fit is shown in each case.

The results of the fits can be seen in Table [A.T] and a plot summarizing
them is shown in Figure The analysis for g> = 1.7 GeV/c , ¢ = 10.9 GeV/c
and ¢> = 13.4 GeV/c is not shown because no data samples were generated using
a flat distribution with these g values. For these cases, the acceptance correc-
tion was calculated using a sample with the same angular distribution as the
signal but high statistics, which is a very good approximation. However the
results of the fits are not shown here. Moreover, an additional simulation for
q*> =7.6GeV/c is also shown.
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A. Electromagnetic form factors fits

7 Pbeam  Simulated Expected Assumption R =|Gg|/|Gy| Errorg
(GeV/c)* [GeV/c]
0 1.85e-04 1.09e-01
7.3 2.87 106 124491 1 9.68e-01 3.93e-02
3 3.10e+00 1.02e-01
0 6.89e-04 2.52e-01
7.6 2.99 10 103466 1 9.97e-01 4.30e-02
3 3.11e+00 1.09e-01
0 1.93e-06 1.78e-01
8.2 3.30 106 64739 1 9.92e-01 5.57e-02
3 3.22e+00 1.40e-01
0 2.43e-01 5.60e-01
11.0 4.85 106 9078 1 1.02e+00 1.89¢-01
3 3.41e+00 3.93e-01
0 3.82e-01 7.82e-01
12.9 5.86 106 3204 1 6.16e-01 5.02e-01
3 3.25e+00 6.45e-01
0 6.50e-01 7.20e-01
13.8 6.38 10 1985 1 1.26e+00 5.29¢-01
3 2.76e+00 6.92e-01
0 9.52e-04 2.07e+00
16.7 7.90 106 572 1 1.07e+00 1.35e+00
3 2.83e+00 1.75e+00

Table A.1: Results of the fits for the extraction of the ratio & between the

EMFH

120



Number of events/0.1 cos 8, Number of events/0.1 cos 6,

Number of events/0.1 cos 6,

16000

14000

12000

10000

8000

6000

4000

2000

0

fosl
o
o
o

7000

6000

5000

4000

3000

2000

1000

400

350

300

250

200

150

100

o
o

—*- Monte Carlo true
—=- Reconstructed events
—+ Corrected events

—— Correction

Reconstruction efficiency

cos 6,

—* Monte Carlo true
—== Reconstructed events
—+ Corrected events

—== Correction

T T T T T T T T T 0
-1 -08-06-04-02 0 02 04 06 08 1

Reconstruction efficiency

—— Correction

-1 -d.S -d.ﬁ -d.4 -0‘.2 6 012 0.‘4 0‘.6 0.‘8 2I.U
cos 6,
I I I I
—e- Monte Carlo true
—=- Reconstructed events
—* Corrected events

Reconstruction efficiency

0 T T T T T T T T T 0
-1 -08-06-04-02 0 02 04 06 08 1

cos 6,

s I I I I 1
O ] —*= Monte Carlo true T
D -
17, 12000 ] -=- Reconstructed events :P-
(] ] —+ Corrected events B
© 1 — Correction EX
—i 10000 T
o ] —0.
‘g 8000 1 0
> 10,
(] L
5 o
o L
] 0.
o [
S 0.
> L
z 0.
R e
-1 -08-06-04-02 0 02 04 06 08 1
cos 6,
1 I I I I 41
i —— Monte Carlo true 1
1000 -=- Reconstructed events 0.
] - Correclfed events éb
—= Correction 4
—o.
—o.
=
v—r— 0.

Number of events/0.1 cos 6,

,%EFH’E

=,

—y—yT—

Yy

T T T T T T T T T 0
-1 -08-06-04-02 0 02 04 06 08 1

cos 6,

b= |
o 250
e ]
o 4
o 4
— 200
S ]
~ 4
n

S 150
w 4
g 1
q') 4
— ]
O 100
e i
5 ]
-E ]
S 507
Z J

—e- Monte Carlo true

—=- Reconstructed events
—* Corrected events

—* Correction

0 T T T T T T T T T 0
-1 -08-06-04-02 0 02 04 06 08 1

cos 6,

o]
o

70

60

50

40

30

20

Number of events/0.1 cos 6,

10

= Monte Carlo true
-=-Reconstructed events
—+ Corrected events

—* Correction ‘

s e e
©

o

3
Reconstruction efficiency

o

o

bl

ToH g rst

S

0 N T T T T T T T T 0
-1 -08-06-04-02 0 02 04 06 08 1

cos 6,

Figure A.1: Angular distribution reconstruction at different ¢* val-
ues for the assumption |Gg| = 0 and using isotropic distribution for
the acceptance correction. From left to right and top to bottom ¢> =
7.27,8.21,11.0, 12.9, 13.8, 16.7 (GeV/c)>.

MW B N o ©
Reconstruction efficiency

-

® ©

Reconstruction efficiency

Reconstruction efficiency



A. Electromagnetic form factors fits

1 - | 1 - 1
& 12000 ] Monte Carlo true 1.8 & 10000 Monte Carlo true £
» ] -=- Reconstructed events :Pv9_9 » ] -=- Reconstructed events 93
o 1 — Corrected events a5 o q — Corrected events 5
: 10000 ] — Correction 598 = : ] —= Correction e
1 1 3.8 1 8000 2
Q 1 :0.7 S Q B 7 S
%] ] i .5 0 ] =
2 8000 0.6 2 £ e 62
o 6000 T* -- 1<}
Q sg S 1 58
[ e @ 1 &
kS G ] 4
g g 4000 -
) ) ] 3
o o 1
g § 2000 =TT 2
z z
da 1
0+ o 0 b g
-1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
cos 6, cos 6,
= I I I I ST = I I I I -
®U 7000 ] —*— Monte Carlo true I 8 ®U 1000 i —*— Monte Carlo true g
%) 1 —= Reconstructed events 7:998 %) 4 —= Reconstructed events -9:8
O 60007 — Corrected events T = o 1 — Corrected events =
8 1 ) 08% O  goo] ) 82
— ] —= Correction I g — ] —= Correction g
o 5000 *}6.7 o o | 75
I 1 Tos % Iz 14 6 %
C 4000 IPc c 600 4= =
[ 1 S o ;T_ } S
> ] 58 2 1L ¢
2 . et 1 4
o 1 o 400
— 1 — 1
5] ] [] 1
€ € o]
2 é 200 ]
] EX Ta-
0 T T T T T T T T T 0 0 T T T T T T T T T 0
-1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
cos 6, cos 6,
I I I I I I I I
s 4 41 > = N 1 >
®U 350 — Monte Carlo true T 2 ®U 250 —* Monte Carlo true 1 2
» ] —=- Reconstructed events ?}),g:g » ] -+ Reconstructed events 0. 9'3
8 300 | —— Corrected events :’6 8% 8 1 —— Corrected events %
3 ] ‘ - Correction T 5 200 - Correction s
; ] 10.7% ; 1 75
S x| | °F s
© ] 062 = 1501 63
(3] 200 s S ) 1 S
5 o & 5 1 &
‘S 1504 1. S 100
— L —
[] 0. 5] ]
o 100 - o) ]
S i E g
zZ 504 z ]
0 T T T T T T T T 10 0 ] T T T T T T T T 10
-1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
cos 6, cos 6,
I I I I I
= ] I >
q)‘.) 70 1 —*— Monte Carlo true T 2
I 1 -= Reconstructed events |~ 7:0-9%
o 60 —+ Corrected events = %
: ] —=— Correction E:DSE
o 50 ?Q7§
= ] I
(2} ] 4 .5
= ] 10.6 @
o 407 | IF S
> ] T 0o
s 30 ] 0.4
@ ] Ep
2 201 fig
£ ] L2
10 T
2 v J e
0 AT g
-1 -08-06-04-02 0 02 04 06 08 1
cos 6,

Figure A.2: Angular distribution reconstruction at different ¢> values
for the assumption |Gg| = |Gy| and using isotropic distribution for
the acceptance correction. From left to right and top to bottom ¢> =
7.27,8.21,11.0, 12.9, 13.8, 16.7 (GeV/c)>.



Number of events/0.1 cos 8, Number of events/0.1 cos 6,

Number of events/0.1 cos 6,

7000

6000

5000

4000

350

300

250

200

150

a1
o

—*— Monte Carlo true

—=- Reconstructed events
—+ Corrected events

—— Correction

g B
N o ©

)

10

wn

Reconstruction efficiency

IS

cos 6,

1 —* Monte Carlo true
—== Reconstructed events
—+ Corrected events

—== Correction

T T T T T T T T T 0
-1 -08-06-04-02 0 02 04 06 08 1

Reconstruction efficiency

cos 6,

—=- Reconstructed events

—* Corrected events

—— Correction

T T T T T T T T T 0
-1 -08-06-04-02 0 02 04 06 08 1

—+- Monte Carlo true T

Reconstruction efficiency

0 % T T T T T T T T 0
-1 -08-06-04-02 0 02 04 06 08 1

s | I I I I 1
ml) ] — Monte Carlo true 1
17 1 -=- Reconstructed events —0.9
o 10000 ] — Corrected events =N
o X 10.8
- 1 —* Correction T
5 ] —o.7
% 8000 i El
e q 0.6
% 6000 Zos
5 ] 0.4
w4000 T~
8 1 0.3
E 4
> 2000, 02
z 1 —J0.1
ta- =1
0 T T T T T T T T T &l
-1 -08-06-04-02 0 02 04 06 08 1
cos 6,
1000 o 1
4 —* Monte Carlo true r
1 -=- Reconstructed events 10.9
800 —+ Corrected events lo.g

—== Correction

]
=)

O
o
Reconstruction efficiency

AN NRRRE RRUNH FRURE NN PR
STHETOT ST
~

[
IS

Number of events/0.1 cos 6,

T T T T T T T T T 0
-1 -08-06-04-02 0 02 04 06 08 1

cos 6,

= | I I I I 1
®U 250 1 —— Monte Carlo true -
0 ) -= Reconstructed events 0.9
8 ] —* Corrected events b 8
“ 200 —= Correction 1
o 1 10.7
5 ] [

1 10.6

S 150 ¥
> q 10.5
) ] [
— ] L
S 100 0.4
e ] [
[} 1 0.3
-E ] [
5 50 10.2
e 1

0 T T T T T T T T T 0
-1 -08-06-04-02 0 02 04 06 08 1

cos B, cos 6,
g | I I I I - fl‘ >
fes) 70 —— Monte Carlo true 4 %
%) ] -=- Reconstructed events - 7:,09§
8 60 7: — Corrected events 7::9 8%
— ] —* Correction I 5
> ] .75
IS ] 060
B T o
% 40 ] {D_SE
5 30 -
= ] T
g ] o3
Qo 20 Ej
§ 1 “Ho-2
107 T
< 1 —0.1

O T T T T T T T T T T T T U
-1 -08-06-04-02 0 02 04 06 08 1

cos 6,

Figure A.3: Angular distribution reconstruction at different ¢> values
for the assumption |Gg| = 3 - |Gy/| and using isotropic distribution for
the acceptance correction. From left to right and top to bottom ¢> =
7.27,8.21,11.0,12.9, 13.8, 16.7 (GeV/c)>.

Reconstruction efficiency

Reconstruction efficiency



A. Electromagnetic form factors fits

G./G,,

7 . | | | L L L | L L L | -
. —— Ge/Gm=0 -
6 -
] - Ge/Gm=1 C
57 —— Ge/Gm=3 -
o | I | 3
S I S ;—
) | i
: , l :
O 5 [ [ F
. . . °| r
O—: o} o l I l J :—
gk ;—
2
-3 : e e A A :
8 10 12 14 16

o? [(GeVicy]

Figure A.4: Result of ® = |Gg|/|Gu| as a function of ¢> expected from
the simulations.

124



B

Electromagnetic calorimeter energy
resolution and efficiency

This Appendix shows the results of the analysis done for the study of the

energy resolution and efficiency.

The plots show the results of the simulations done covering half a quarter
of the BWEMC]| The simulations were done for five different photon energies:
30MeV, 100 MeV, 250 MeV, 500 MeV and 700 MeV.
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B. Electromagnetic calorimeter energy resolution and efficiency

| Eresolution 30MeV |

(b)

Figure B.1: Energy resolution and efficiency map for the simulation with
30 MeV photons.
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[ Eresolution 100MeV |
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Figure B.2: Energy resolution and efficiency map for the simulation with
100 MeV photons.
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B. Electromagnetic calorimeter energy resolution and efficiency

| Eresolution 250MeV
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Figure B.3: Energy resolution and efficiency map for the simulation with

250 MeV photons.
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Figure B.4: Energy resolution and efficiency map for the simulation with
500 MeV photons.
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B. Electromagnetic calorimeter energy resolution and efficiency
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Figure B.5: Energy resolution and efficiency map for the simulation with
700 MeV photons.
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Abstract. The possibility of measuring the proton electromagnetic form factors in the time-like region at
FAIR with the PANDA detector is discussed. Detailed simulations on signal efficiency for the annihilation
of p+ p into a lepton pair as well as for the most important background channels have been performed.
It is shown that precise measurements of the differential cross-section of the reaction p+p — e~ +e™
can be obtained in a wide kinematical range. The determination of the ratio R of the moduli of the
electric and magnetic proton form factors will be possible up to a value of momentum transfer squared
of ¢* ~ 14(GeV/c)? with absolute precision from 0.01 to 0.5 (for R ~ 1). The total 5+ p — e~ + e
cross-section will be measured up to ¢® ~ 28 (GeV/c)?. The results obtained from simulated events are
compared to the existing data. Sensitivity to the two-photon exchange mechanism is also investigated.

1 Introduction

The availability of a high-intensity antiproton beam up
to a momentum of 15 GeV/c at the FAIR facility [1] and
of the PANDA detector offers unique possibilities for new
investigations in the field of hadron structure (see [2] for a
review). Here we focus on feasibility studies for the de-
termination of the proton electromagnetic form factors
(FFs), in the time-like (TL) region [3], through the an-
nihilation reaction:
prp—= Ll +LT, L=e, p. (1)
The underlying mechanism is assumed to be the exchange
of one virtual photon of four-momentum squared ¢2. The
sensitivity of the measurement to higher exchanges, which
are in principle suppressed, is also investigated. Muons
carry the same physical information on the nucleon struc-
ture as the electrons, but this work will focus on the elec-
tron channel only. Although the measurements of electro-
magnetic nucleon FFs have been going on since more than
fifty years, major progress has been recently achieved in

& Present address: LLR-Ecole Polytechnique, 91128 Palai-
seau, France.
P e-mail: etomasi@cea.fr

a wide kinematical region, mostly in the space-like (SL)
region through polarized elastic electron proton scatter-
ing. The determination of form factors is limited by the
steep decrease of the cross-section with ¢?. Moreover in
the time-like (TL) region measurements in both channels
D+p < £~ + 4T are scarce and affected by poor statistics.

The intensity of the antiproton beam, together with
the performances of the PANDA detector, will make pos-
sible the determination of FFs up to large ¢?. FFs are ex-
tracted from the angular distribution of one of the charged
leptons. In reaction (1), the difficulty of the measurement
is related to the hadronic background, mostly annihilation
into pions, which is six order of magnitudes larger than the
production of a lepton pair. In this paper we report on de-
tailed simulations of the hadronic background and discuss
the precision and the significance of the extracted data in
a wide kinematical range.

This paper is structured as follows. In sect. 2 the in-
terest of measuring proton electromagnetic form factors
is briefly recalled, and the present experimental situation
both in SL and TL regions is illustrated. In sect. 3 simula-
tion studies for both signal and background are reported.
In sect. 4 the results on the extracted FFs and on their pre-
cision are discussed and compared with the existing data.
The sensitivity to the two-photon exchange mechanism
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is discussed in sect. 5. In sect. 6, the PANDA expected
performances are compared to the ones obtained in previ-
ous experiments. The main results are summarized in the
conclusions.

2 Physics motivation

Hadron electromagnetic FFs describe the internal struc-
ture of a particle. Elastic FFs contain information on the
hadron ground state, and are traditionally measured us-
ing electron hadron elastic scattering, assuming that the
interaction occurs through one-photon exchange (OPE).
Assuming a parity- and time-invariant theory, a hadron
with spin S is described by 25 + 1 independent FFs. Pro-
tons and neutrons (spin-1/2 particles) are then character-
ized by two form factors, an electric Gg and a magnetic
G which are analytical functions of one kinematical vari-
able ¢2.

2.1 Space-like region

Elastic electron proton scattering allows to access the SL
region, where FFs are real functions of Q? = —¢* >
0. Electromagnetic FFs are determined through the
e-dependence of the (reduced) elastic differential cross-
section, which may be written, in OPE approximation,
as [4]

2 a4
Orealle; Q) = 1427 sin’(0,/2) W
<e(147) 5 = TG @) +CR(@), ()
Q2

e = [1+2(1 +7) tan?(6./2)] ",

R VER
ae = 1/137, is the electromagnetic fine-structure constant,
M is the proton mass, E is the incident electron energy
and 6. is the scattering angle of the outgoing electron.
Measurements of ,..4(0., Q?) at different angles for a fixed
value of @Q? allow to extract Gg(Q?) and G (Q?) from
the slope and the intercept of the linear e-dependence (2)
(Rosenbluth separation).

The existing data on Gj; are described by a dipole
behavior up to the highest measured value Q% o~
31(GeV/c)? [5], according to

Gu(Q%)/n=Ga(@%), Ga(Q*)=(1+Q*/0.71)7%, (3)

where p ~ 2.79 is the proton anomalous magnetic moment
in nuclear magnetons and Q2 is expressed in (GeV/c)2.
The independent determination of Gj; and Gg from the
unpolarized e~ p cross-section has been obtained up to
Q? = 8.8(GeV/c)? [6], and gives Gg ~ Gy /p. Further
extraction of Gy [5] is based on this assumption.
Experimental and theoretical studies have been done
since a few decades, but recent interest aroused due to the
possibility to reach higher precision and larger values of

The European Physical Journal A

¢®> at high-intensity accelerators, using polarized beams,
targets and polarimeters in the GeV range [7]. In partic-
ular recent measurements of the FF ratio [8], based on
the polarization method [9,10], show that the electric and
magnetic distributions in the proton are different, contrary
to what was earlier assumed. The Q?-dependence of G g
and Gy, deduced from polarization experiments p(e,e)p
differs from (3). The FF ratio shows a linear deviation
from a constant, which can be parametrized as [11]
puGp/Guy = 1.059 — 0.143 Q*[(GeV/c)?] for Q* > 0.4,

(4)
up to at least Q* = 5.8(GeV/c)?. Polarization mea-
surements have recently been extended up to Q? =
8.5 (GeV/c)? by the GEP Collaboration, at Jefferson Lab-
oratory (JLab) [11] and may show a zero crossing for this
ratio, if the linear extrapolation of the fit, eq. (4), will be
confirmed by the final results.

As no experimental bias has been found in the ex-
periments, the discrepancy between FFs determined from
polarized and unpolarized measurements has been at-
tributed to radiative corrections, as two-photon exchange
(TPE) [12-17] or higher-order corrections [18].

2.2 Time-like region

The TL region, where ¢> > 0, can be investigated using
the crossed reactions p 4+ p <+ e~ + et. Due to unitarity,
hadron FFs are complex functions of ¢2, and their full de-
termination requires more observables as shown in [19,20],
and recently discussed in [21]. However, the unpolarized
cross-section depends only on their moduli, and their mea-
surement is, in principle, simpler than in the SL region. In
the SL region, the Rosenbluth separation requires at least
two measurements at fixed ¢? and different angles, which
implies a change of incident energy and scattered electron
angle at each ¢? point. In the TL region, the individual de-
termination of |G| and |G| requires the measurement of
the angular distribution of the outgoing leptons, at fixed
total energy s = ¢2. Previous experiments (see [22]), have
measured the cross-section up to ¢> = 18 (GeV/c)? and
extracted |G| in the hypothesis Gg = Gy or Gg = 0
(which affects up to 30% the values of |G ]).

Attempts to determine the ratio R = |Gg|/|G | can
be found in the literature, in ref. [23] (PS170 at LEAR)
and more recently in ref. [24], through measurements
of the initial-state radiation reaction (ISR) e~ + et —
Pp+p+7 (BABAR Collaboration). The results of the two
experiments, although affected by large errors, seem to
show a different trend. In the second case a larger value
was found, in a wide ¢ range above threshold.

The detector PANDA, using the antiproton beam
planned at FAIR, will open a new opportunity to measure
TL FFs. The aim of this paper is to show the precision
that can be achieved in the measurements of TL proton
FFs at PANDA in a wide range of ¢2. The interest in span-
ning a large kinematical domain is the investigation of the
transition region from soft to hard scattering mechanisms,
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which is the domain of perturbative Quantum Chromo-
dynamics (pQCD), where the nucleon can be described
in terms of quark and gluon degrees of freedom. In such
region, scaling laws and helicity conservation [25,26] give
predictions for the asymptotic behavior of FFs.

Moreover, the comparison of SL and TL data, allows
to verify asymptotic properties which hold for analytical
functions [27,28]. Following the Phragmeén-Lindel6f theo-
rem [29], FFs in TL and SL regions have to coincide for
|¢?| — oo. This implies not only that the moduli should be
the same, a feature that will be tested with PANDA, but
also that the phases of TL FFs, which can be accessed
only through polarization measurements [19-21], should
vanish.

3 Simulation studies
3.1 Differential cross-section and counting rate

The differential cross-section for the annihilation pro-
cess (1), first obtained in ref. [19], is expressed as a func-
tion of the proton electromagnetic FFs as

77042

do

= [ G 2 1+ 29
d(cosf) — 8M27y/r(r — 1) [7|G ] (1 + cos® 6)

Gl sin? 6], (5)
where 6 is the electron production angle in the center-
of-mass system (CM). The cos? -dependence of eq. (5)
results directly from the assumption of OPE, where the
spin of the photon is equal to one and the electromag-
netic hadron interaction satisfies C' invariance. This cor-
responds, by crossing symmetry, to the linear Rosenbluth
cot?(6, /2)-dependence [30].
The total cross-section is

71'042

) 271Gy * +1Gs).

The evaluations of the cross-section and of the count-
ing rate require the knowledge of the FFs. For the numer-
ical estimates below, we use a parameterization of |G /|
from [27], where the numerator is a constant fitted on TL
data:

(6)

|Gl =225 (14 ¢%/0.71)72 (14+¢%/3.6)".  (7)
Here ¢? is expressed in (GeV/c)?. Equation (7) gives a
conservative estimation of the yield at large ¢%. As the
TL |Gys| values have been extracted from cross-section
measurements assuming |Gg| = |G|, the same hypoth-
esis is taken for counting rate estimates, on the basis of
eq. (6). The evaluations of the cross-section and of the
counting rate have been also performed using the follow-
ing QCD-inspired parameterization of |Gg |, based on
the analytical extension of the dipole formula eq. (3) in
the TL region, where Q? is replaced by ¢?. Corrections
based on dispersion relations have been suggested in [31]
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Table 1. Cross-section o (0gcp) and number of counts,
N (Ngep) from eq. (7) (eq. (8)) corresponding to an inte-
grated luminosity of £ = 2fb™!, for different values of ¢*> = s
and of the antiproton momentum, p.

S p ag N agQCD NQCD
[GeV/¢]>  [GeV/d]  [pb] [pb]

5.40 1.7 538 1.110° 481 9.6 10°
7.27 2.78 72 14 10° 69 1.4 10°
8.21 3.3 32 6.4 10 33 6.5 10*
11.0 4.9 452 9110° 5.48 1.110%
12.9 5.9 1.6 32103 2 4.3 103
13.8 6.4 1 2103 1.4 2.8 10°
16.7 7.9 0.29 580 0.49 979
22.3 10.9 0.04 81 0.09 183
27.9 134 0.01 18 0.03 51

to avoid “ghost” poles in «; (the strong-interaction run-
ning constant), and can be included in the following form:

’GQCD‘ = D . D =89.45(GeV/d*,
log (s/A?) + n?]

(8)
where D is obtained by fitting the experimental data and
A = 0.3GeV is the QCD scale parameter. The calcu-
lated cross-section o(cgcep) and the number of counts
N(Ngcp) are given in table 1, assuming an integrated
luminosity of £ = 2fb~!, which is expected for each data
point in four-months data taking, with 100% efficiency
and full acceptance!. It is assumed that |Gg| = |G,
calculated from eqgs. (7) and (8), respectively. The event
generator for the reaction (1), is based on the angular
distributions from eq. (5), with prescription (7) for the
magnetic form factor Gy;.

Three different hypothesis were taken for Gg. Besides
the case |Gg| = |Gm|, (R = 1), which is strictly valid
only at threshold, the case R = 0 and the case R = 3
(as suggested in ref. [32]), were also considered. The cor-
responding angular distributions were built keeping the
same total cross-section at each ¢2. They are shown in
fig. 1, for three values of ¢> = 5.4, 8.2, 13.8 (GeV/c)?. The
reported error bars are statistical only. The sensitivity to
R decreases when g2 increases, due the falling of the cross-
section and to the relative weight of the magnetic term,
which is growing as ¢2.

3.2 Detector description

An extensive description of the PANDA detector and
of its different components can be found in ref. [2]. In
the present work, we mention some of the characteristics
which are important for the specific processes of inter-
est. The conception of the detector, the read-out and the
acquisition benefit from the experience gained from the
construction of recent detectors, such as ATLAS, CMS,

1 This value will be always used below, except when ex-
plicitely indicated.
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Fig. 1. (Color online) CM angular distributions from the event
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the same value of the total cross-section.

COMPASS and BABAR. The high-quality antiproton
beam of momentum from 1.5 to 15 GeV /¢ will be provided
by the High-Energy Storage Ring (HESR), equipped with
electron and stochastic cooling systems. The PANDA de-
tector should ensure the detection of 2-107 interactions/s,
with 47 acceptance and momentum resolution for charged
particles at a few percent level. The expected average lu-
minosity £ = 1.6 - 1032 cm~2s~! will be reached with a
pellet target of thickness 4-10'® hydrogen atoms/cm?, and
10! stored antiprotons in HESR. The target will be sur-
rounded by a spectrometer which includes a 2T solenoid
magnet. A forward spectrometer, based on a 2T m dipole
magnet, ensures the detection at small angles, down to
2°. Each spectrometer is equipped with detectors for
tracking, charged-particle identification, electromagnetic
calorimetry and muon identification. The interaction point
is reconstructed with the help of a microvertex detector
(MVD), consisting of layers of radiation hard silicon pixel
detectors surrounded by silicon strip detectors. In addi-
tion, charged-particle tracking and identification is pro-
vided by straw tubes (STT) or a time projection chamber
(TPC), completed by GEM detectors at forward angles.
The identification of hadrons and leptons in a wide kine-
matical range requires other complementary detectors.
The time of flight of particles emitted at large polar angles
will be measured in a good-resolution time-of-flight bar-
rel. The electromagnetic calorimeter (based on PbWO4
crystals) will provide good energy and time resolution for
the detection of photons and electrons at intermediate en-
ergy from a few MeV to ~ 10 GeV. Detectors based on
Cherenkov light (DIRC), which are very efficient for pion-
electron separation for momentum p < 1GeV /¢, will be
used in a barrel detector and a forward endcap detector.

3.3 Simulation, digitization and reconstruction

The simulations are based on the same PANDA software
and the same detector geometry as the one used for the
physics benchmark simulations presented in [2], with STT
as central tracker and a pellet target. The simulation con-

The European Physical Journal A

sists of two steps. The first one, based on the GEANT4
code, is the propagation of the particles through the de-
tector. The information on the hits and the energy losses
has been digitized, including a model for electronic noise,
into a response of the different detectors, in view of using
the same Monte Carlo code in simulations and in future
real data analysis.

The second step is the reconstruction of the physi-
cal quantities particularly important for electron identi-
fication such as momentum, ratio of energy loss to path
length in each straw tube (dF/dx), Cerenkov angle in the
DIRC detector, and energy deposit in the electromagnetic
calorimeter.

These two steps have been described in detail in [2]
and we will give here only the details which are the most
important for the electron identification.

The parameters used to simulate the fluctuations of
the physical signals have a direct influence on the parti-
cle identification capabilities. Precise estimate of energy
loss fluctuations in thin layers are needed for the central
tracker, and were included according to the PAI model for
the description of the ionization process [33].

The dE /dx values are then used for particle identifica-
tion using the truncated arithmetic mean method in order
to exclude from the sample the largest values correspond-
ing to the extended Landau tail. A truncation parame-
ter corresponding to 70% out of the N individual dE/dx
values was taken to calculate the arithmetic mean, as a
compromise between the requirements of the best reso-
lution, defined as the width of the gaussian fit, and the
smallest tail of the distribution. A resolution of < 10% is
obtained for pions at 1GeV /¢, which corresponds in av-
erage to a value of 40 of the distance between the two
truncated means for electrons and pions. For the DIRC,
the resolution on the Cerenkov angle is given by

0Cy
Npp,

oc =

)

with the single-photon resolution o¢, = 10mrad. The
number of detected photons Np;, depends on the velocity
and path length of the particle within the radiator and
takes into account transmission and reflectivity losses as
well as the quantum efficiency of the photodetectors. A
nearly Gaussian resolution of about 2.3 mrad is obtained
for 1GeV/c pions [34]. As the Cerenkov angles for pi-
ons and electrons differ by 36 mrad at 500 MeV/c and by
4mrad at 1.5GeV/¢, the DIRC has a significant discrim-
ination power at the lowest energies.

The electromagnetic calorimeter is the most important
detector for the electron identification through the ratio
E/p of the measured energy deposit to the reconstructed
momentum (see fig. 2). Electrons deposit all the energy
in an electromagnetic shower, while muons and hadrons
loose only a much lower fraction of their kinetic energy by
ionization processes. However, high-energy deposits may
be due to hadronic interactions within the crystals. In par-
ticular, for charged pions undergoing quasi-elastic charge
exchange processes almost all the energy is transferred to
a neutral pion decaying into two photons. These processes
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Fig. 2. (Color online) Ratio of the energy deposit in the elec-
tromagnetic calorimeter to the particle momentum E/p as a
function of p, for pions and electrons separation.

are taken into account by choosing a GEANT4 physics list
which includes the Bertini intra-nuclear Cascade model for
hadron interactions at intermediate nuclear energies from

hundreds of MeV to GeV [35].

The shower shape can also be used for particle identifi-
cation. Due to the small Moliére radius (2 cm) of PbWO4,
of the order of the crystal size (2.2cm), the largest frac-
tion of the electromagnetic shower is contained in a few
modules, while a hadronic shower with similar energy is
more spread. The shower shape is characterized by the
energy deposits in the central crystal and in the 3 x 3 and
5 X 5 module arrays containing the central scintillator.
In addition, a set of four Zernike moments [36] describes
the energy distribution within the shower by polynomials
which are functions of radial and angular coordinates.

Sets of particles of different species have been gener-
ated at given momenta and polar angles. The probabilities
for the identification of a given particle as electron, muon
pion, kaon, or proton are then calculated for each detec-
tor using, in addition to the variables discussed above,
the dE/dx information in the microvertex detector, and
the information from the muon detector. For the electro-
magnetic calorimeter, the probability is calculated from
the output of a neural network using as inputs all the pa-
rameters of the shower listed above, as described in [2].
As an example, the probability for a pion to be identified
as an electron is of the order of 1072 at p = 3GeV/c,
which agrees with values measured on existing detectors
(BABAR). From the individual subdetector likelihoods,
a global PID likelihood is then calculated. Depending on
the signal and background channels, the thresholds can
be adjusted in order to ensure the required purity while
keeping the signal efficiency as high as possible. In our
case, as the pion yield is much larger than the electron
one, the threshold is defined by the purity requirement on
the electron signal.
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3.4 Study of background channels

Reactions involving two or more hadrons in the final chan-
nel constitute an important background for the measure-
ment of channels with the creation of a lepton pair.

Due to the hermiticity of the detector and the good
tracking resolution, channels with three or more hadrons
in the final state will be very efficiently identified. The
cross-section for channels involving three pions is known
to be at most an order of magnitude larger than the two-
pion production. Our simulation shows that a reasonable
cut on the missing mass gives a rejection factor of at least
a factor of hundred.

The larger background is then expected to come from
annihilation into two hadrons as p+p — 7%+ 7%, p+p —
7 4+ 7t or p+p— K~ + KT. The cross-sections for the
neutral (charged) channels production are about five (six)
orders of magnitude larger than for reaction (1). In the
case of the 70 4+ 7° production, e"et pairs are produced
after conversion of the photons from the main 7° decay,
in particular in the beam pipe before the tracking system.
In addition, one (or both) 7° may undergo Dalitz decay,
79 — e~ + et + v, with probability 1072 (10~%).

In case of charged hadron pair production, both
hadrons can be misidentified as leptons. In case of kaon
production, the probability of misidentification is lower
and kinematical constraints are more efficient, due to their
larger mass.

Therefore, the background coming from pp annihila-
tion into two pions is expected to be the largest and has
been evaluated using detailed simulations.

3.4.1 Simulations of p+p — 7~ + 71 and
P+ p — 70 + 70 reactions

The angular distributions for charged and neutral pion
pair production were extrapolated from a parameteriza-
tion of the data [37-42]. For s < 6 (GeV/c)?, the existing
data [37,40,41] were fitted by Legendre polynomials. In
the high-energy range, instead, the behavior of exclusive
processes is driven by dimensional counting rules, thus the
differential cross-section of the p +p — 7w~ + 7 process
can be parametrized as [25,26]

do

— =Cs"%f(0 9
7= s (0), )
where 6 is the CM angle of the 7~ ¢ is the Mandelstam
variable and the function f(6) depends on the reaction
mechanism. In the framework of the quark interchange
dominance model [43], one has

1
f(o) = 5(1—22)[2(1—2)_2—i—(l—l—,z*)_2]27 z =cosf. (10)
C = 440mb (GeV/c)!* is a constant, which cannot be

predicted by QCD, and it is determined from 7*p elas-
tic scattering at momentum 10GeV/c and cosf = 0.
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Fig. 3. (Color online) CM angular distributions used to sim-
ulate the p +p — ©~ + 7" reaction for s = 5.4 (GeV/c)?
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s =13.5(GeV/c)? (red dashed line) as a function of the cosine
of the = production angle. Data are from ref. [37] (squares)
and from refs. [38,39] (circles).

The model predictions were symmetrized (do(0)/dt —
[do(#)/dt + do(m — 0)/dt]/2) and readjusted in the re-
gion around 90°, at each s value, to get a better agree-
ment with the data. The results of the event generator are
shown in fig. 3 for s = 5.4(GeV/c)?, s = 8.21(GeV/c)?
and s = 13.5 (GeV/c)? and compared to data obtained in
refs. [37-39].

For exclusive 77 production at high energy the fol-
lowing parameterization was taken:

do f(s,0) f(s’a):Zai(S)Pi(Cose)a

dcost  s5(y/tu/s)t’

(1)
where P;(cosf) are Legendre polynomials and are fitted
to the data from E760 at Fermilab, in the kinematical
range 8.5 < s < 18.3GeV/c [42], as shown in fig. 4. The
quality of the fits can be seen in fig. 4, where examples of
differential cross-sections for p+ p — 7° + 7 are shown.

For both reactions, the extrapolation to |cosf| = 1 is
affected by a large uncertainty, as no data exist at high en-
ergy. Therefore, in the following, only the angular region
| cos 0] < 0.8 will be considered, in particular for the eval-
uation of statistical and systematic errors?. In this region,
the ratio of 7~ + 7T to e~ +e™ cross-sections varies from
10° at |cos @] = 0 to 3-10 at | cos f] = 0.8. On the basis of
these numbers, the rejection power should be larger than
3-107 (3-10%) for 7= + 7t (7 +7Y) in this angular range
to limit the background to 0.1% level.

2 Note that also the electron identification efficiency becomes
very low above | cosf| = 0.8.
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ref. [42].

Table 2. Number of 7~ 7" events, misidentified as e~ e™, left
after loose, tight and very tight PID cuts corresponding to
respective minimum values of the electron identification prob-
ability 85%, 99% and 99.8% and after the confidence level (C'L)
cut on the kinematic fit for three different ¢ values (see text).

q* [GeV/d)? 8.2 12.9 16.7
No cut 108 108 2108
Loose PID cut 425 1.2-10° 3-10°
Tight PID cut 31 70 120
Very tight PID cut 2 5 6
Kinematic fit (CL) | 8-10° 10° 2.5-10°

In order to evaluate the background rate fulfilling the
e~ +e™ criteria, the generated 7~ 4+71 and 7%+ 7" events
were analyzed using the same PID cuts and kinematical
constraints as for the signal.

3.4.2 Suppression of 77t and 7%7% backgrounds

Due to the difference of six order of magnitude in the cross-
section, between the signal and the 7~ 7" background, an
event sample of at least 10 7~ 71 events was simulated
at ¢ = 8.21, 13.8, and 16.7 (GeV /c)?.

To discriminate pions from electrons, cuts have been
applied to the PID combined likelihood for the assumption
that the detected particle is an electron. The numbers of
simulated 7~ 7" events left after loose, tight and very tight
PID cuts (corresponding respectively to minimum values
of the identification probability 85%, 99% and 99.8% for
each lepton of the pair) are displayed in table 2. It is shown
that the very tight cuts are needed to reach a rejection
factor of a few 107.

Further selection based on the reaction vertex and on
the kinematical fit method is applied. The kinematical
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fit method is a constrained fit, which takes into account
energy and momentum conservation. From this, a con-
fidence level (CL) associated to T~ hypothesis, CL,
and a second one, C'L. corresponding to eTe™ hypothe-
sis are calculated. The selection of the electrons results
from two conditions: CLy . > 1073 (which corresponds
to x? < 7 for the kinematical fit) and CL. > 10 CL,.
These conditions result in an additional rejection factor
of the background of ~ 100. Finally, combining the kine-
matical fit with the PID ends up in an overall background
suppression factor of the order of a few 10°.

It has been checked that, for |cos(6)| < 0.8, the 7~ 7T
contamination does not depend drastically on angle and
will remain below 0.1% in the ¢? range of interest. Con-
cerning the 7%7° channel, Dalitz decay, 7° — e~ +et +7,
has a probability 1072, Three processes can be sources of
e~ et pairs: i) double Dalitz decay of the two 7, ii) Dalitz
decay of one of the pion associated with gamma conversion
from the other pion, iii) photon conversion from two dif-
ferent pions. All these processes, with comparable rates,
produce a six-particle final state. Thus, even if the pro-
duced e~ety pairs fulfill the PID cut, the kinematical
constraints give a rejection factor, which combined with
the 10~* probability for such processes, lead to an efficient
suppression of this background. Moreover, by requiring
that only a single e~ + eT pair has been identified in the
whole detector solid angle, it is possible to reduce even
further the contribution of this channel.

3.5 Analysis of the e~ + et channel

Simulations were done for reaction (1) at ¢* values cor-
responding to table 1, for R = 0, 1, and 3. A realis-
tic projection of the angular distribution of e~eT events,
as will be measured with PANDA, is given in fig. 5, for
q® = 8.21(GeV/c)?, and assuming |G| = |G| The re-
constructed events (red squares) are obtained after full
Monte Carlo simulation which takes into account track-
ing, detector efficiency, and acceptance as described in
sect. 3.3. The reconstruction efficiency corrections have
been obtained from an independent simulation which as-
sumes an isotropic electron distribution (blue stars, right
scale). Once corrected for this efficiency, the distribution
(green triangles) nicely agrees with the generated one
(black circles). One can see that at this ¢? value the aver-
age efficiency is of the order of 40%.

The reconstruction efficiency depends on the angle.
The sudden drop at |cos@| > 0.8 corresponds to a de-
crease of the PID efficiency. At ¢ = 8.21 (GeV/c)? the
poor dFE/dx identification from the STT is responsible of
this drop. The loss of efficiency at cosf = 0 is due to the
target system.

The reconstruction efficiency, after integration over
the angular range |cosf| < 0.8, is shown in fig. 6. It
is maximum at ¢> ~ 8(GeV/c)? and decreases to 15%
at ¢ ~ 23(GeV/c)?. The effects of PID and kinemati-
cal constraints are shown separately. The drop at large
¢? is mainly due to PID cuts, as the laboratory angular
distribution is more forward peaked with increasing ¢2,
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whereas the kinematical selection shows a rather constant
behavior.

The normalization of the measured counting rates will
be provided using the pp luminosity detector, with an ex-
pected precision of 3%.

Standard radiative corrections are included in the sim-
ulation program, via the PHOTOS package [44]. The data
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will have to be corrected for soft and hard photon emis-
sion, which partially compensate each other, reducing the
overall effect. Radiative corrections strongly depend on
the kinematical conditions and on the criteria for data se-
lection. At ¢> = 9GeV? rough estimate gives an overall
effect of 10-15%. Detailed studies of the effects of radia-
tive corrections for this specific channel will be object of
a separate paper.

4 Results and discussion

For each ¢? value, the simulated differential cross-section
was fitted with a two-parameter function, in order to ex-
tract a global normalization o and the form factor ratio
R, according to:

N(cosf) = a[r(1 + cos? ) + R?sin? 4)]. (12)
The results are shown in fig. 7, where the expected statis-
tical uncertainty on R is plotted as a function of ¢? as a
yellow band for the case R = 1, and compared with the ex-
isting values from refs. [23] (squares) and [24] (triangles).
Different methods were used to extract the errors bars for
R. Different kinds of fits where performed with MINUIT,
extracting R or R? from the quadratic expression (12) and
also from the angular asymmetry which enters linearly in a
cos?  distribution (see sect. 5). A method based on Monte
Carlo simulations was also used. Detailed discussion and
numerical values for the different values of R can be found
in ref. [45]. As an example, for ¢> = 13.84(GeV/c)?,

one obtains from a Monte Carlo approach: R = 11’812411,
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R = 37022 and an upper limit of 0.61 (CL = 68%) for
R = 0. Therefore we concluded that a meaningful value
for R can be extracted up to ¢*> ~ 14(GeV/c)% In the
low-¢2 region, the precision is at least an order of mag-
nitude better than for the existing data. With a precise
measurement of the luminosity, this will allow to extract
the moduli of Gg and G, to be compared with the cor-
responding SL values and with model calculations.

Model predictions display a quite large dispersion, as
shown in fig. 7. A QCD-inspired parameterization, based
on scaling laws [25,26], predicts R = 1, as it depends only
on the number of constituent quarks (red dashed line).
The green solid line is based on the vector meson dom-
inance (VDM) approach from ref. [46], and grows up to
q*> ~ 15(GeV/c)2. The blue dash-dotted line is the pre-
diction from ref. [47], based also on VDM, but including
terms to ensure the proper asymptotic behavior predicted
by QCD. These models, originally built in the SL region,
have been analytically extended to the TL region and the
parameters have been readjusted in ref. [21] in order to fit
the world data in the whole kinematical region (i.e., in the
SL region, the electric and magnetic proton and neutron
FFs, and in the TL region, the magnetic FF of the proton
and the few existing data for neutron [48]). Although these
models reproduce reasonably well the FFs data, they give
very different predictions for the form factor ratio. It is
also shown in ref. [21] that polarization observables show
large sensitivity to these models.

At larger ¢?, when the sensitivity of the experiment
will make the extraction of R meaningless, it will then be
possible to extract |G| under a definite hypothesis on the
ratio, in general R = 1, as done in previous measurements.
With a precise knowledge of the luminosity, the absolute
cross-section can be measured up to ¢? ~ 28 (GeV/c)2
The precision of such measurement is shown in fig. 8. The
comparison with the world data shows an expected im-
provement of at least a factor of ten. Here only the statis-
tical accuracy, based on the number of events measured
and identified is taken into account. The reported error
bars are based on conservative extrapolation of the values
reported in table 2.

Systematic effects of the tracking and reconstruction
procedure will be evaluated on the real data, mostly by
measurements on known reactions, which are the source
of well-controlled data samples.

Comparing such data samples to simulations, as a
function of momentum and angle, will allow to check the
rejection power against pions for each subdetector and to
determine the electron identification efficiency. This in-
sures the control of the global rejection (purity of the
electron data sample) and the knowledge of the overall
electron reconstruction efficiency.

The electromagnetic calorimeter is a crucial ingredi-
ent for the electron/pion separation. Besides the calibra-
tion using cosmic rays, several reactions can be identi-
fied. The reaction p +p — 7 + 7% can be used for the
calibration of all electromagnetic calorimeter crystals at
the sub percent level. The two body hadronic reaction
p+p — 7 4+ 7 allows to tune the PID parameters
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Fig. 8. (Color online) ¢*-dependence of the world data on the
effective proton TL FF, |G|, as extracted from the annihi-
lation cross-section assuming |Gg| = |Gu|: BABAR [24] (red
full circles); Fenice [48] (blue open circles); E835 [22,49] (green
open lozenge); PS170 [23] (gray open stars); E760 [42] (blue as-
terisk); DM1 [50] (green full triangles); DM2 [51] (green open
squares); BES [52] (cyan open cross); CLEO [53](blue triangle
down); PANDA (full black squares) corresponding to an in-
tegrated luminosity of 2fb™!, errors are statistical only (this
work).
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related to pions, and to check the calibration and the res-
olution of the momentum reconstruction at permille level,
due to the high statistics. Systematic effects from detec-
tor misalignments are expected to be negligible. In addi-
tion, the decay J/¥ — e + e, with 6% branching ratio,
provides electron data samples of good purity and known
angular distribution. It will constitute a concrete measure-
ment of the individual detector response to electrons. At
q® = 9.6 (GeV/c)?, one-week measurement will be affected
by 1% statistical precision in a 0.1 cos f bin.

5 Sensitivity to two-photon exchange

As stressed in the introduction, the expression of the cross-
section (5) assumes OPE. TPE is suppressed by a fac-
tor of ae. At large ¢2, however, TPE could play a role,
due in particular to a possible enhancement from a mech-
anism where the momentum is equally shared between
the two photons [54-57]. Recently, the possibility of a siz-
able TPE contribution has been discussed in connection
with discrepancies between experimental data, on elastic
electron deuteron scattering [30] taken in different exper-
iments, and elastic electron proton scattering in polarized
and unpolarized experiments [7,12-17,58-61]. Experimen-
tally, no model-independent and unambiguous evidence of
TPE (more exactly, of the real part of the interference be-
tween OPE and TPE) has been found in the experimen-
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tal data [62-65]. Recent analysis of e*p cross-sections are
controversial due to the uncertainties of the data [66-68].

The general analysis of experimental observables in
the reaction p+p — e~ +e™ [69] and in the time-reversed
channel [70], taking into account the TPE contribution,
was derived in a model-independent formalism developed
for elastic electron proton scattering [58—-60]. It was
shown that in presence of TPE, the matrix element
contains three complex amplitudes: Gg, Gps and Fj,
which depend on two kinematical variables, and that the
angular distribution contains new terms which are odd in
cos f and are of the order of o, compared to the dominant
contribution [69].

Therefore, it seems interesting to study the possibility
of identifying the TPE effect in the present experiment.
The purpose of this study is not to determine the physical
amplitudes, but to set a limit for a detectable odd cosé
contribution, eventually present in the data. As the TPE
amplitudes are not known, we used the presence of odd
terms in cosf as a (model-independent) signature, intro-
ducing drastic approximations: we neglected those contri-
butions to G'g,» which are smaller by an order a.. We
considered only the real part of the three amplitudes, de-
noted Gg, Gp and F3, as their relative phases are not
known.

We approximated the differential cross-section in the
following way:

do  o? T

a2 a2\ 7 -1

1D7 (13)

by taking
G2
D~ G3,(1+cos?0) + —E sin? 0
T

+2m (GE - GM> Fj cos @ sin? 6. (14)
T

Angular distributions were simulated according to
eq. (14), assuming Gp = Gy for ¢> = 5.4, 8.2 and
13.8(GeV/c)? and for F3/Gy = 2%, 5% and 20%. A
number of events corresponding to table 1 were processed
for each of these ¢ values and the detector efficiency
was taken into account. The TPE components induce a
distorsion in the angular distributions which vanishes at
cosf = 0 and *1. In order to analyze the distributions,
and extract the values of the two-photon amplitude, we
rewrite the angular distribution as a polynomial in cos 6.
In case of OPE, eq. (5) can be rewritten as

do

_ 2
d(cos?) oo[1 + Acos® 4],

(15)
where o is the value of the differential cross-section at
0 = /2 and A is the angular asymmetry [27].

Therefore, at each value of ¢?, we can fit the angular

distributions with a straight line in cos® 6,
y = ag + ay cos? 0, (16)

where ag and a; are related to the physical FFs. Devia-
tions from a straight line are the evidence of the presence
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Table 3. Results from the fit of the angular distributions, for different TPE contributions, according to eq. (17), for ¢
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8.2, and 13.84 (GeV/c)?. The first line at each ¢* corresponds to the one-photon approximation.

2

5.4,

q2

F3/Gm

ag

ai

a2

|AR|

A+ AA

5.4

0
2%
5%

20%

46798 £ 118
46795 £ 118
46794 £ 118
46789 £ 118

9626 £ 320
9638 & 321
9634 + 321
9655 £+ 321

—4 £ 288

358 £ 289

891 £+ 289
3539 £ 289

0.008
0.008
0.008
0.008

0.21 +£0.01
0.21 +£0.01
0.21 £0.01
0.21 +£0.01

8.2

0
2%
5%

20%

2832 £ 28
2859 £ 28
2857 £ 28
2863 £ 28

1127 £ 82
1057 £ 82
1065 + 82
1042 £ 82

—45 £ 72
45+ 72

163 £ 72
769 £ 72

0.035
0.035
0.036
0.035

0.40 £0.03
0.37£0.03
0.37£0.03
0.36 £0.03

13.84

0
2%
5%

20%

85+ 5
86 £ 5
86 &5
8445

39+19
41+19
41+19
49+ 19

5+14
12+ 14
21+14
65 + 14

0.385
0.385
0.385
0.382

0.47+£0.23
0.47+£0.23
0.47+£0.23
0.57+£0.23
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Fig. 9. (Color online) Angular distribution as function of
cos? 0, according to eq. (14), for ¢*> = 5.4(GeV/c)? and for
different contribution of TPE: no contribution (top left), 2%
contribution (top right), 5% contribution (bottom left), and
20% contribution (bottom right). The solid (dashed) line is
the result of the fit from eq. (17) (from eq. (16)). Errors are
statistical only.

of higher-order terms, beyond Born approximation. In or-
der to check the sensitivity to odd terms, we fit the angular
distributions by the function:

Y = ap + ay cos? 0 + az cos (1 — cos? 0), (17)

where as is directly related to the ratio F5/Gy.

The results of the fit are reported in table 3. In the
case of OPE, as expected, the coefficient ay is compatible
with zero. The odd cos 6 contribution starts to be visible
for F3/Gp > 5%. Note, however, that the extraction of

R and A is not affected, in the limit of the error bars,
by the presence of the C-odd term and that the a¢ and
a, terms are very stable, even at large ¢2, although the
statistical errors are more sizable. Here the error on R is
extracted from A by first-order derivation. Figure 9 shows
the angular distribution as a function of cos? 6, for ¢* =
5.4 (GeV/c)?. The lower - red dots (upper - green dots)
branches correspond to backward (forward) emission for
a negative lepton. The solid (dashed) line is the result of
the fit from eq. (17) (from eq. (16)), which includes (does
not include) the odd cos 8 terms.

Due to crossing symmetry properties, the reaction
mechanism should be the same in SL and TL regions,
at similar values of the transferred momentum. If TPE is
the reason of the discrepancy between the polarized and
unpolarized FFs measurements in the SL region, a contri-
bution of 5% is necessary to bring the data in agreement in
the Q? range between 1 and 6 (GeV/c)? [7]. The PANDA
simulations show that such level of contribution will be
detectable in the annihilation data. We have shown the
stability of the extraction of ay and as, from the data,
even in the presence of a relatively large contribution of
TPE, in the approximation (14). This is due to the sym-
metry properties of the angular distribution and it has to
be taken with caution: the relations between the observ-
ables (differential cross-section and angular asymmetry)
and FFs hold only in frame of OPE. The signification of
the extracted parameters in terms of the moduli of the
two electromagnetic FFs is not valid anymore.

Let us stress that the main advantage of the search of
TPE in the TL region is that the information is fully con-
tained in the angular distribution (which is equivalent to
the charge asymmetry). In the same measurement, the odd
terms corresponding to TPE can be singled out, whereas
in the SL region, in case of TPE, it is necessary to measure
electron and positron scattering, in the same kinematical
conditions. TPE effects cancel if one does not measure the
charge of the outgoing lepton, or in the sum of the cross-
section at complementary angles, allowing to extract the
moduli of the true FFs [69,70].
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Table 4. Compared characteristics of TL FFs experiments.
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Accelerator FAIR CERN-LEAR SLAC-PEP II FERMILAB BEPC
Experiment PANDA (Sim) PS170 BABAR E835 BES II
Reaction p+p—e +ety | p+p—oe +ety | e +et s p+p+y | bHp—e +eTy | e +et =5 p+p
q* [GeV/d)? 5-28 3.52-4.18 3.5-20 8.84-18.4 4-9.4
L [em™2s7!] 2103 3.10% 3-10% 2.10% <103
IBeam 10" 5/s 3-10° p/s 510" p/s
Target pellets or jet LH2 collider gas jet collider
| cos 8] <0.8 <0.8 <1 < 0.62 <0.8
Efficiency 40%-10% ~ 10% 17% 67% ~ 50%
B/S < 1% < 5% <5% < 2% 1.5%-7.8%

6 Comparison with previous experiments

As has been stressed above, the HESR ring will provide
a high-intensity antiproton beam. This feature, together
with the high performance of the PANDA detector, will
allow to have the best measurement until now of FFs in
the TL region. In table 4 we summarize kinematical and
technical aspects of the existing TL FFs experiments. All
previous results have been limited by low statistics, which
prevented a precise determination of angular distributions.

In the case of PS170 [23] the detector acceptance was
limited, in particular due to the covering in azimuthal an-
gle. The large efficiency for E835 [49] is due to the detec-
tion based on gas Cerenkov detector, which gives an aver-
age pion suppression factor of the order of 5-10~2. This al-
lows to have good identification with relatively loose cuts.
In the case of PANDA, the quartz-based Cerenkov detec-
tor (DIRC) will provide a limited electron pion discrim-
ination, mostly at low momentum (below 1GeV/c): the
necessity to have very tight cuts to eliminate the back-
ground reduces the electron efficiency.

The FFs measurement of BABAR [24] is indirect, as
it is based on initial-state radiation. The ISR correction
factor due to hard photon emission has to be disentangled,
and the angular dependence of the electric and magnetic
terms is derived from elaborated simulations. The thor-
ough study of the contributing reactions is described in
ref. [24]. The final reconstruction efficiency is ~ 17%.

7 Conclusion

Feasibility studies of measuring proton TL FFs at PANDA
(FAIR) have been presented. Realistic Monte Carlo simu-
lations, which take into account the geometry, the mate-
rial budget and the performance of the future detector, as
well as tracking efficiency and particle identification have
been performed. Background reactions have been studied,
with particular attention to two-body hadron production.
The results show that, applying combined PID criteria
and kinematical constraints, it is possible to reach a back-
ground/signal ratio of the order of 0.1%, which is sufficient
to ensure a clean identification of e~e™ pairs correspond-
ing to the reaction of interest (1).

We have also shown that the reaction p+p — e~ +e™t
at PANDA will be sensitive to a contribution of TPE of
the order of 5% or more with statistical significance of
about two sigma. Note also that systematical errors have
not been taken into account. This study profits of one
of the main advantages of FFs measurements in the TL
region: the angular distribution of the produced electron
in one setting contains all the useful information, allowing
to extract the true form factors and the TPE contribution
as well.

The cumulated statistics, assuming four-months data
taking at the nominal luminosity for each ¢ value, will
give precise information on the proton electric and mag-
netic FFs, in a wide ¢° range. The precision of the ratio of
the moduli of the electric and magnetic form factors will
be of the order of few percent, in the overlapping region
with the data from BABAR, which display errors of the
order of 40%. The ratio of the electric to magnetic FF
will be measurable until ¢? ~ 14 (GeV/¢)?, with an error
comparable to the existing data taken at much lower ¢2.
Above this value it is still possible to extract a general-
ized form factor from the total cross-section and test its
asymptotic and analytic properties.

The measurement of the cross-section allows to access
the FFs moduli. In order to determine independently the
real and imaginary parts, as well the relative phase, po-
larization observables are necessary. The possibilities of
having a polarized antiproton beam and/or a polarized
proton target are under study.

Thanks are due to I. Hrivnacova for help during earlier stages
of this work and to S. Pacetti for useful discussions.
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