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Abstract

Charge asymmetries in π+π− photoproduction are studied in a model for
soft high energy scattering processes. π+π− photoproduction at high center
of mass energies is dominated by the exchange of the pomeron with even
charge conjugation quantum number C. It is investigated that already small
contributions from exchange particles with odd C-parity result in asymmetries
in the angular distributions of the pions. C-odd contributions come from photon,
and possibly also from odderon exchange. The odderon is the leading exchange
particle in soft high energy scattering with odd C-parity but has not been
observed yet. Thus measuring charge asymmetries in π+π− photoproduction
can help establish its existence experimentally.
As a part of efforts to measure charge asymmetries in π+π− photoproduction at
the H1-experiment at the HERA collider, an evaluation of detector effects that
may cause charge asymmetries is performed. A focus is put on studying the
performance the Fast Track Trigger, which is used to trigger photoproduction
events at H1. Several detector effects, most importantly geometric detector
asymmetries that are not considered on the trigger level, are shown to give rise
to charge asymmetries in the trigger efficiency. It is verified that all effects are
correctly described in the detector simulation and can thus be accounted for in
an asymmetry measurement.

Zusammenfassung

Ladungsasymmetrien in π+π− Photoproduktion werden in einem Modell für
weiche Hochenergie-Streuprozesse studiert. π+π− Photoproduktion bei ho-
hen Schwerpunktsenergien wird vom Austausch des Pomerons mit gerader
Ladungskonjugationsquantenzahl C dominiert. Es wird untersucht, dass bereits
kleine Beiträge von Austauschteilchen mit ungerader C-Parität zu Asymme-
trien in den Winkelverteilungen der Pionen führen. Beiträge mit ungeradem C
kommen vom Austausch des Photons und möglicherweise des Odderons. Das
Odderon ist das führende Austauschteilchen in weicher Hochenergie-Streuung
mit ungerader C-Parität, wurde aber bisher noch nicht beobachtet. Das Messen
von Ladungsasymmetrien in π+π− Photoproduktion kann damit helfen, seine
Existenz experimentell zu etablieren.
Als Teil der Bemühungen Ladungsasymmetrien in π+π− Photoproduktion am
H1-Experiment am HERA-Collider zu messen, werden Detektor Effekte, die
Ladungsasymmetrien verursachen könnten, untersucht. Der Schwerpunkt liegt
auf der Untersuchung der Leistungsfähigkeit des Fast Track Trigger, mit dem
Photoproduktionsereignisse bei H1 getriggert werden. Es wird gezeigt, dass
verschiedene Detektoreffekte, vor allem geometrische Detektorasymmetrien
die nicht im Trigger berücksichtigt werden, Ladungsasymmetrien in der Trig-
gereffizienz verursachen. Es wird überprüft, dass alle Effekte korrekt in der
Detektorsimulation beschrieben sind, und damit bei einer Asymmetriemessung
berücksichtigt werden können.
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1 Introduction

Within the Standard Model of Particle Physics [1–3], which describes fundamental
particles and their interactions, Quantum Chromodynamics (QCD) [4] has asserted
itself to be the correct theory of the strong force acting between quarks. The
non-abelian structure of QCD gives rise to the self-coupling of the strong force
carriers, the gluons, with far-reaching consequences; most notably the energy scale
dependence of the strong coupling strength αs. At high energy scales, i.e., small
interaction distances, αs becomes small leading to asymptotically free quarks and
gluons [5, 6]. At small scales, on the other hand, αs increases with increasing
interaction distance resulting in the confinement of quarks and gluons into colorless
bound states, the hadrons.

The scale dependence of αs has severe consequences for theoretical QCD predictions
and results in the classification of strong interactions into three categories. First,
there are hard processes that happen at one definite, large energy scale and are
computable with perturbative methods, where the interaction is expanded in
orders of the (small) coupling constant. Secondly, there are pure small scale
phenomena where this approach fails but which can partially be treated by lattice
QCD methods [7]. Finally, there are soft processes for which no energy scale can be
defined at all and which to this point can only be described by phenomenological
models.

Hadron-hadron scattering at high energies with a simultaneously small momentum
transfer is dominated by soft processes and thus falls into the last category. The
most successful model describing the underlying interactions is Regge Theory [8, 9],
which was first introduced in the late 1950s even before the dawn of QCD, but
is still of interest today. In Regge theory, the interaction of colliding particles is
described in terms of exchange objects corresponding to so-called Regge trajectories.
At large scattering energies, the dominant exchange object is the pomeron. The
key characteristics of the pomeron are, first, that it has a Regge intercept close to
1 and is thus responsible for the observed rise of soft scattering cross sections with
increasing center of mass energy (compare for example Figure 2.1.2) and, secondly,
that it carries the quantum numbers of the vacuum, i.e., in particular it is a charge
conjugation (C) and parity (P ) eigenstate with eigenvalues C = P = +1.

Understanding the high energy behavior of soft scattering processes is necessary
to acquire a full understanding of the strong force. In this context one of the
unsolved questions is whether the pomeron is the only exchange particle with an
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intercept close to 1. Indeed, from a theoretical point of view the existence of a
second pomeron-like object but with odd C-parity is favorable [10]. Having an
odd charge parity, this object was coined with the name odderon [11].

An odderon contribution to soft scattering processes can lead, among other things,
to asymmetries in the final state. In this thesis, charge asymmetries among the
pions in π+π− photoproduction, as proposed by Ginzburg et al. [12] and Ivanov
et al. [13], are studied in a recently presented model for soft high energy scattering
processes by Ewerz et al. [14]. In Chapter 2 an introduction to theoretical concepts
relevant for this thesis is given. Results of the asymmetry studies in the scattering
model are presented in Chapter 3.

Photoproduction of pion pairs can be studied experimentally at the HERA electron-
proton collider at DESY, Hamburg. At the H1 experiment at HERA efforts are
being made to measure charge asymmetries among the pions to find evidence for
the presence of the odderon. The second part of this master’s thesis contributes to
these efforts. One cornerstone of measuring charge asymmetries is to understand
detector effects that result in charge dependencies in the detection of particles
and might introduce artificial asymmetries into a data sample. At H1, the Fast
Track Trigger (FTT) used to trigger photoproduction events is particularly prone
to such effects.

In Chapter 4 HERA and the H1 experiment are introduced. In Chapter 5 Monte
Carlo techniques and simulated event samples used in this thesis are described. In
Chapter 6 a reference data sample of π+π− events in deep inelastic scattering (DIS)
processes measured at H1 is presented. This sample is used in Chapter 7 to study
the performance of the FTT with a focus put on measuring charge asymmetries in
the trigger efficiencies. In Chapter 8 the FTT performance is studied in simulated
photoproduction events using the insights obtained in Chapter 7. The results of
this thesis are summarized in Chapter 9.

Chapter 3, Chapter 6, Chapter 7, and Chapter 8 and are at the core of this thesis
and a direct result of my work.
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Part I

CHARGE ASYMMETRIES IN
π+π− PHOTOPRODUCTION IN

A MODEL FOR SOFT HIGH
ENERGY SCATTERING
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2 Theoretical Background of
π+π− Photoproduction

To put this thesis into a theoretical context, a short introduction to the theory
of diffractive scattering processes is given. In particular, some basic concepts of
Regge theory are explained, the hadronic properties of the photon are introduced,
and diffractive photoproduction of pion pairs is studied in a recently presented
model for soft high energy scattering processes [14]. A focus is put on how
charge asymmetries between the pions arise in this model and how they express
themselves in asymmetries of the angular distributions. In addition, the event
generator that was used in this thesis to evaluate the model is briefly described
and a connection between diffractive scattering processes and electron-proton
scattering at the HERA collider is established.

2.1 Diffractive Scattering and Regge Theory

A detailed introduction to soft high energy hadronic scattering and Regge Theory
is given for example by Donnachie et al. [15] or Collins [16]. Here, only a brief
overview over the phenomenology and terminology relevant for this thesis is given.

2.1.1 2→ 2 Reactions

s t u

A(pA)

B(pB)

C(pC)

D(pD)

A(pA)

C̄(−pC)

B̄(−pB)

D(pD)

A(pA)

D̄(−pD)

B̄(−pB)

C̄(−pC)

Figure 2.1.1: s-, t-, and u-channel 2→ 2 reactions.
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2.1. Diffractive Scattering and Regge Theory

In the following, hadron-hadron reactions of the form

A(pA) +B(pB) → C(pC) +D(pD) (2.1.1)

are considered, where pX denotes the four momentum of the respective particle
X. From the four momenta three Lorentz invariant quantities, the Mandelstamm
variables

s = (pA + pB)2 = (pC + pD)2, (2.1.2)
t = (pA − pC)2 = (pB − pD)2, and (2.1.3)
u = (pA − pD)2 = (pB − pC)2, (2.1.4)

can be formed. Of those only two are independent, as all three are constrained by
the relation

s+ t+ u =
D∑

X=A

m2
X , (2.1.5)

where m2
X = p2

X denotes the squared invariant mass of particle X. In s-channel
annihilation, s is the center of mass energy squared, and t and u are the squared
four momentum transfer between particle A and C, and B and D, respectively.

A fundamental property of quantum field theory is that an incoming particle with
momentum p can be interpreted as an outgoing anti-particle with momentum
−p. This relates reaction 2.1.1 to the t-channel scattering A(pA) + C̄(−pC) →
B̄(−pB)+D(pD), where now the Mandelstamm variable t determines the center of
mass energy and s corresponds to the momentum transfer, and equivalently for the
u-channel ; compare Figure 2.1.1. In particular, crossing symmetry holds, which
states that the scattering amplitude for all crossings is given by the same function
of s, t, and u evaluated in different domains of s, t, and u. As a consequence, the
scattering amplitude of reaction 2.1.1 can be obtained equivalently from either
the s-, t-, or u-channel reaction.

2.1.2 Cross Sections

In the limit of large center of mass energy
√
s and simultaneously small momentum

transfer
√
|t| hadronic scattering is characterized by the following features:

1. The scattering cross section rises slowly with energy.

2. Scattering happens predominantly in forward direction, i.e., the cross-section
falls steeply with increasing momentum transfer.

3. This forward peak gets smaller with increasing energy (“shrinkage”).
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2. Theoretical Background of π+π− Photoproduction 50. Plots of cross sections and related quantities 11
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Figure 50.9: Summary of all total collision cross sections jointly fitted with available hadronic ρ parameter data. Corresponding
computer-readable data files may be found at http://pdg.lbl.gov/xsect/contents.html
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Figure 2.1.2: Total cross section for proton-proton (red) and antiproton-
proton scattering (black). Figure from the PDG [17].

The similarities to the diffraction of light at an obstacle, where on a distant screen
an intensity maximum is produced directly at the position of the obstacle, resulted
in coining such scattering processes with the term diffractive. As typical example,
the cross sections for proton-proton and antiproton-proton scattering are shown
in Figure 2.1.2.

To explain diffractive scattering processes, Regge Theory exploits fundamental
properties of the S-matrix [15], such as Lorentz invariance, analyticity, or crossing
symmetry, to derive the form of the scattering amplitude A for a given initial (A,
B) and final state (C, D). The scattering amplitude can only depend on Lorentz
invariant quantities, that is for reaction 2.1.1 on the three Mandelstamm variables.
As only two of them are independent, A ≡ A(s, t) can be written as a function of
s and t alone.

The scattering amplitude is related to the cross section in two important ways.
First, the optical theorem states that the total cross section is related to the
imaginary part of the elastic forward amplitude

σtot =
1

s
ImAel(s, t = 0). (2.1.6)

Elastic scattering here describes the case A = C and B = D, in contrast to singly
dissociative (A! = C or B! = D) or doubly dissociative scattering (A! = C and
B! = D). Furthermore, the scattering amplitude also defines the differential cross
section dσ/dt:

dσ
dt

=
1

16πs2
|A(s, t)|2. (2.1.7)

A(s, t) can be written in a t-channel partial wave expansion in terms of Legendre
polynomials Pl

A(s, t) = 16π
∞∑
l=0

(2l + 1)Al(t)Pl(cos θt), (2.1.8)
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2.1. Diffractive Scattering and Regge Theory

with the scattering angle

cos θz = 1 +
2s

t− 4m2
, (2.1.9)

where in the high energy limit the masses m of all particles are assumed equal.
The coefficients Al are called the partial waves and have a propagator-like shape

Al(t) ∝
1

t−M2
l

, (2.1.10)

which can be interpreted as a particle of mass M and spin l being exchanged
in the scattering. Using equation Equation (2.1.6) and Pl(z) =

z→∞
zJ , the cross

section for such an exchange in the high energy limit s→∞ has the form

σtot ∼
z→∞

sl−1. (2.1.11)

2.1.3 Regge Trajectories

Regge’s idea [8, 9] was to continue A(t, s) to complex values of l, so that the
partial waves Al(t) become a continuous function A(l, t), which reduces to Al(t)
for integer l. The poles of A(l, t) then also become continuous and are located at
given values of l and t, characterized by a relation

l = α(t). (2.1.12)

In analogy to the interpretation of the discrete poles as corresponding to the
exchange of a particle, the continuous poles can be interpreted as the exchange of
a more complex object, called a reggeon. The function α(t) characterizing such a
reggeon is called a Regge trajectory. Reggeon exchange in the t-channel (t < 0)
has a peculiar relation to s-channel (t > 0) resonances or bound states. A positive
value tL giving integer values L = Reα(tL) should correspond to such a bound
state with mass m2 = tL and spin L. This relates Regge trajectories to hadron
families, such that hadrons with different spins and masses but otherwise identical
quantum numbers should all lie on the same Regge trajectory.

In Figure 2.1.3 a selection of hadron families and the corresponding Regge trajec-
tories are shown in a Chew-Frautschi plot [19, 20], where the spin of the particles
is plotted against their mass. Surprisingly, the Regge trajectories for all hadron
families can be parametrized by a simple line:

α(t) = α0 + α′ · t (2.1.13)

with intercept α0 and slope α′.
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2. Theoretical Background of π+π− Photoproduction
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Figure 2.1.3: Various vector mesons and straight regge trajectories plotted
in the Chew-Frautschi plane. Figure from Weber [18].

According to Equation (2.1.11) in the high energy limit the cross section for
reggeon exchange is given by

σtot ∼
s→∞

sα0−1. (2.1.14)

Additionally, the differential cross section dσ/dt introduced in Equation (2.1.7)
can be brought to the form

dσ
dt
∼ s2(α0−1)e−b|t| (2.1.15)

with the additional parameter

b = b0 + 2α′ ln(s). (2.1.16)

So in particular, α0 defines the high energy dependence of the cross section while
α′ is responsible for the aforementioned shrinkage of the forward peak.

2.1.4 Pomeron and Odderon

As it turns out, all of the hadronic Regge trajectories have an intercept α0 ∼ 0.5.
According to Equation (2.1.14) this results in a cross section falling with energy.
Thus, to describe the observed rise of diffractive scattering cross sections at high
energies, an additional Regge trajectory with an intercept larger than 1 has to be
introduced. It is typically called the pomeron (after the Russian physicist Isaak
Pomeranchuk) and its “canonical” Donnachie-Landshoff trajectory is given by

αP(t) = 1.0808 + 0.25 GeV−2 · t, (2.1.17)

where the parameters have been obtained from fits to total cross sections of various
scattering processes. The pomeron has the quantum numbers of the vacuum, i.e.,
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2.1. Diffractive Scattering and Regge Theory

in particular it is a P - and C- parity eigenstate with eigenvalue +1. Today, the
pomeron is well established both theoretically and experimentally. In particular,
within QCD it can be described as a colorless object containing no valence quarks.
At lowest order, such an object is given by a two-gluon system [21, 22], but also
more complex candidates, like the BFKL-pomeron having the form of a gluon
ladder [23, 24], have been proposed.

The question that has not been answered as of yet, is whether the pomeron is the
only object having an intercept close to 1 and thus solely characterizes hadronic
scattering at very high energies. Indeed, already in the 1970s the observation
that there are reggeons with both even and odd C-parity led to the proposition
of an odd C-parity partner for the pomeron, which was hence called odderon [11].
A partner for the pomeron can also be anticipated from a QCD point of view,
where in addition to pomeron like colorless objects formed by two valence gluons,
also colorless objects formed by three gluons should be possible. However, while
there are good theoretical arguments for the odderon, there is only little to no
experimental evidence for its existence, as of yet. A comprehensive discussion of
the status of the odderon in soft high energy processes is given for example by
Ewerz [10].

The existence of an odderon would have important consequences for the phe-
nomenology of diffractive scattering in the high energy limit. One key signature
of the odderon is that, unlike the pomeron, it couples differently to particles and
antiparticles, thus leading to different particle-particle and antiparticle-particle
cross sections in the high energy limit. In case of pomeron exchange only, those
would be the same. In addition, as it carries different quantum numbers than
the pomeron, odderon exchange opens the door for new final states. An explicit
example is considered in Section 2.2.1, where in the high energy limit diffractive
photoproduction of an f2 meson is only possible via odderon exchange.

As was shown first by Brodsky et al. [25] a contribution from the C = −1 odderon
in scattering processes can also interfere with the C = +1 pomeron contribution
and by that give rise to asymmetries among the final state particles. In this
thesis a concrete example for this, namely charge asymmetries in the diffractive
photoproduction of oppositely charged pion pairs, which have been proposed by
Ginzburg et al. [12] and Ivanov et al. [13], are studied. However, before these
asymmetries are further discussed in Section 2.2, it is necessary to establish a
connection between the photon and the soft hadronic scattering processes discussed
so far.

2.1.5 Hadronic Structure of the Photon

In quantum field theory an undisturbed photon is allowed to fluctuate into
fermion-antifermion pairs. In particular, it can fluctuate into strongly interacting
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2. Theoretical Background of π+π− Photoproduction

50. Plots of cross sections and related quantities 11
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Figure 50.9: Summary of all total collision cross sections jointly fitted with available hadronic ρ parameter data. Corresponding
computer-readable data files may be found at http://pdg.lbl.gov/xsect/contents.html
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Figure 2.1.4: Total cross section for photon-proton scattering. Figure from
the PDG [17].

quarks and antiquarks that then give it hadronic properties. The timescale over
which such fluctuations exist [26] can be longer than the timescale of the strong
interaction, thus allowing the pairs of virtual quarks to interact and form bound
states. These states ought to have the quantum numbers of the photon

JPC = 1−−, (2.1.18)

where J is the spin of the photon, and P and C are the parity and charge
eigenvalues, respectively. Thus only (virtual) vector meson states are allowed to
be formed. In Vector Dominance Models (VDM) [27–31] the hadronic part of the
photon is modeled by a superposition of light vector mesons, such as the ρ0, φ, ω,
J/ψ, ψ(2S), and Υ.

This hadronic part of the photon gives rise to strong contributions in photon-
hadron scattering processes, which can even dominate the cross sections [31]. As
a consequence photon-hadron cross sections exhibit all the features of hadron-
hadron cross sections. Compare for example the photon-proton cross section shown
in Figure 2.1.4 with the proton-proton cross section in Figure 2.1.2. However,
photon-hadron cross sections are suppressed by a factor αem, the electromagnetic
coupling constant, because of the necessity of the photon to oscillate into a vector
meson before it can interact strongly.

2.2 π+π− Photoproduction

In this thesis, charge asymmetries in the photoproduction of oppositely charged
pion pairs, i.e., in the reaction

γ(∗)(q, ε) + p(p, s)→ π+(k1) + π−(k2) + p′(p′, s′), (2.2.1)
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2.2. π+π− Photoproduction

s

t

π+(k1)

π−(k2)

γ(q)

p(p) p(p′)

Figure 2.2.1: Generic diagram of (resonant) π+π− photoproduction.

are studied. In the expression (2.2.1) q, and p denote the four momenta of the
ingoing photon and proton, and k1, k2, and p′ the four momenta of the outgoing
pions and proton, respectively. ε denotes the polarization of the photon, which
in the case of virtual photons γ∗ can also be longitudinal. The respective spin
states of the incoming and outgoing proton are denoted by s and s′. In the
following, unpolarized photons and protons are assumed and ε, s, and s′ are
dropped. Furthermore, only proton elastic scattering, i.e., the case p′2 = m2

p with
mp denoting the proton mass, is considered.

From the five involved four momentum vectors q, p, k1, k2, and p′ in total 15
Lorentz invariants, i.e., scalar products, can be formed, which the process can
depend on. Considering energy momentum conservation

q + p = k1 + k2 + p′ (2.2.2)

and the mass-shell constraints

p2 = p′2 = m2
p, and k2

1 = k2
2 = m2

π (2.2.3)

only six of them are independent and can be used to express all others. One can
choose for example

q2, s, t, m2
π+π− , θk1 , and ϕk1 (2.2.4)

where s = (p+q)2 is the photon-proton center of mass energy squared, t = (p−p′)2

the squared proton momentum transfer and m2
π+π− = (k1 + k2)

2 the invariant
mass square of the π+π− system, and θk1 and ϕk1 are the polar and azimuthal
angle of the π+. Suitable reference frames for the pion angles are discussed in
Section 2.2.3. In the context of this thesis, the photon-proton center of mass
energy is equivalently denoted with Wγp.

In a recently published paper [32], which also contains results obtained within
this thesis, a previously presented soft scattering model by Ewerz et al. [14] was

14



2. Theoretical Background of π+π− Photoproduction

applied one the photoproduction of pion pairs, i.e., reaction (2.2.1). This model is
the theoretical basis for the study of asymmetries to be performed in this thesis
and a brief introduction to it’s basic concepts and ingredients is thus given in this
section. All the details can be found in the publications by Bolz et al. [32] and
Ewerz et al. [14].

Reaction 2.2.1 has contributions from both electromagnetic and strong processes
which, in principle, should be fully calculable by QED and QCD, respectively.
However, the nature of the strong interaction - namely the aforementioned running
of the coupling constant αs with energy - limits the phenomena that can actually be
calculated from the QCD-Lagrangian. In particular, for soft scattering processes
such as reaction 2.2.1, which happen preferably at high energy

√
s and low

momentum transfer t, the absence of a definite energy scale results in their
incalculability within the framework of perturbative QCD.

To be able to describe soft scattering processes quantitatively, anyhow, Ewerz
et al. developed an effective model in the spirit of Regge Theory. While Regge
Theory itself is very limited in its predictions, giving little more than the

√
s and

t dependence of the cross section in the high energy limit, this model provides an
effective Lagrangian. In particular, the soft interactions are described in terms of
the exchange of reggeons, the pomeron and the odderon, for which propagators
and couplings to various hadrons are given. This allows to explicitly calculate
Feynman diagrams and thus to access soft scattering processes in full detail.

2.2.1 Matrix Elements

In Figure 2.2.2 the Feynman diagrams for all processes contributing to π+π−

photoproduction that are considered here are shown. The necessary ingredients
to calculate the matrix elements, most importantly coupling constants and propa-
gators are provided by Ewerz et al. [14], details on the calculation are given in
the publication by Bolz et al. [32].

The most important contribution comes from resonant π+π− production via vector
mesons, as shown in 2.2.2 a) where the photon oscillates into either the ρ ≡ ρ(770),
ω ≡ ω(782), or ρ′ ≡ ρ′(1415) meson. The vector mesons then interact strongly
with the proton by exchange of a pomeron P or one of the reggeons f2R and a2R.
In order to preserve C-parity, from the reggeons included in the model only those
with even C-parity (C = +1) can be exchanged. The pomeron and the C = +1
reggeons are treated as effective tensor particles. After the scattering the vector
meson decays into the considered π+π− final state. It can be shown that π+π−

photoproduction in the model has a high energy dependence of the cross section
in agreement with Regge theory, see also Chapter 3.

In addition to 2.2.2 a), various other contributions are included in the calculations.
Among those, the matrix elements 2.2.2 b), c), and d) describe π+π− production
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Figure 2.2.2: Amplitudes contributing to π+π− photoproduction in the
model by Ewerz et al. [14]. In a) the Feynman diagram for the resonant
states ρ(770), ω(782) and ρ′(1450) is shown, in b), c), and d) diagrams
describing f2(1270) production, and in c) and d) non-resonant π+π−

production mechanisms are shown (sorted by C = +1 and C = −1
exchange particles). Figure from Bolz et al. [32].
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2. Theoretical Background of π+π− Photoproduction

via an f2(1270) resonance. The f2(1270) has the quantum numbers JPC = 2++

and consequently quantum fluctuations of a photon (JPC = 1−−) into an f2

meson are not possible. Furthermore, to ensure conservation of the multiplicative
C-parity the exchange particle with the proton must have C = −1, so in particular
pomeron exchange is not allowed in this case. Instead, an f2 can be produced if the
photon oscillates into a vector meson and a C = −1 reggeon such as a ρR or ωR is
exchanged with the proton, as shown in 2.2.2 b). Alternatively, there is the purely
electromagnetic Primakoff process [33] as drawn in 2.2.2 c) where two photons
form an f2. A third possibility for f2 resonance production is shown in 2.2.2 d),
where the photon couples to a possible odderon (O), which has not been observed
yet but is included in the model as an effective vector particle, nonetheless. As
the cross section for reggeon exchange drops with energy, photoproduction of an
f2 resonance at high energies is only possible via odderon exchange or the well
constrained QED Primakoff process. Observing an f2 resonance in excess of what
can be expected from QED alone would thus be direct evidence for the odderon.

Finally, a third class of processes for non-resonant π+π− production are considered,
corresponding to the diagrams shown in 2.2.2 e) and f). They include exchange
of the pomeron, various reggeons and the photon. In particular, exchange of both
C = +1 (2.2.2 e)) and C = −1 particles (2.2.2 f)) is possible.

Ewerz et al. [14] provide all means to calculate all of the discussed Feynman
diagrams and thus the full scattering amplitude for the process 2.2.1. The full
matrix element can formally be written as:

Mµ
s, s′(k1, k2, p

′, q, p)εµ = 〈π+(k1), π−(k2), p(p′, s′)|T |γ(q, ε), p(p, s)〉. (2.2.5)

Here q, p, k1, k2 and p′ are the four-momenta of the particles, s and s′ are the
respective spin states of the incoming and outgoing proton, and ε is the photon
polarization vector. T is the scattering matrix. In particular,Mµ

s, s′ is the sum of
the matrix elements for all the sub-processes, i.e.,

Mµ
s, s′ =Mµ,(a)

s, s′ +Mµ,(b)
s, s′ +Mµ,(c)

s, s′ +Mµ,(d)
s, s′ +Mµ,(e)

s, s′ +Mµ,(f)
s, s′ . (2.2.6)

The total cross section for elastic π+π− photoproduction can then be calculated
using the common formula [17]

dσ =
(2π)4

2(s−m2
p)

(
−1

4

∑
s, s′

M∗
µ, s′, sMµ

s′, s

)
dΠ3, (2.2.7)

where the squared matrix element is averaged over the initial and summed over
the final state proton spin states, normalized and integrated over the three particle
phase space

dΠ3 =
1

(2π)9

d3k1

2k0
1

d3k2

2k0
2

d3p′

2p′0
δ(4)(k1 + k2 + p′ − q − p). (2.2.8)
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2.2. π+π− Photoproduction

2.2.2 Asymmetries

At high scattering energies, Wγp ≡
√
s & 10 GeV, π+π− photoproduction is

completely dominated by ρ0 production via pomeron exchange. Details are
discussed in Chapter 3. All other processes shown in Figure 2.2.2 have cross
sections that are smaller by at least one order of magnitude. f2 production,
where the odderon appears in the model, is even suppressed by three orders
of magnitude and gives the smallest contribution. Consequently, there is little
hope to observe the f2 resonance and it is practically impossible to establish the
presence of the odderon by a precise measurement of the total γ p → π+π− p cross
section. However, as it turns out the odderon can have a significant influence on
the differential cross sections. Interference of the C = −1 contributions, where a
C = −1 particle is exchanged and the odderon could contribute, with the C = +1
processes leads to charge asymmetries. These asymmetries can be rather large
and thus might allow to establish the odderon, after all.

To understand how those charge asymmetries arise it is necessary to consider
the matrix elements for the various sub processes as denoted in Equation (2.2.6).
When looking at the full mathematical expressions given by Bolz et al. [32] it
turns out that the matrix elements depend on k1 and k2, i.e., the four-momenta
of the two pions, only in terms of

(k1 + k2) and (k1 − k2). (2.2.9)

Furthermore it can be shown that under the exchanged k1 ↔ k2, i.e., the exchange
π+ ↔ π−, matrix elements for processes where a C = +1 particle is exchange
transform like

MC=+1(k1, k2, p
′, q, p) = −MC=+1(k2, k1, p

′, q, p), (2.2.10)

while those where a C = −1 particle is exchanged transform like

MC=−1(k1, k2, p
′, q, p) = +MC=−1(k2, k1, p

′, q, p). (2.2.11)

As a consequence the squared sum of all matrix elements can be split into two
parts: One that pics up a minus sign under the exchange k1 ↔ k2 and one that is
not affected by this exchange, at all. That is, one can write

R := −1

4

∑
s, s′

M∗
µ, s′, sMµ

s′, s ≡ R+ +R−, (2.2.12)

where

R+(k1, k2, p
′, q, p) = +R+(k2, k1, p

′, q, p) (2.2.13)
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2. Theoretical Background of π+π− Photoproduction

and

R−(k1, k2, p
′, q, p) = −R−(k2, k1, p

′, q, p). (2.2.14)

From the way the matrix elements transform it is clear that R− contains all
interference terms of C = +1-exchange processes with C = −1-exchange processes
while R+ contains the remains, i.e., explicitly:

R+ = −1

4

∑
s, s′

[
M(a+e)∗

µ, s′, sM
(a+e)µ
s′, s +M(b+c+d+f)∗

µ, s′, s M(b+c+d+f)µ
s′, s

]
, and (2.2.15)

R− = −1

4

∑
s, s′

[
M(a+e)∗

µ, s′, sM
(b+c+d+f)µ
s′, s +M(b+c+d+f)∗

µ, s′, s M(a+e)µ
s′, s

]
. (2.2.16)

For the total cross section, the minus sign picked up by R− under k1 ↔ k2

does not play a rôle, because of the phase space integration over k1 and k2 in
Equation (2.2.7). However, when looking at differential cross sections where
the integral over the phase space is not (fully) performed, R− gives rise to an
asymmetry under the exchange of the pions, i.e., a charge asymmetry. This can
be easily seen by taking the differential cross section

dσ
dΠ3

(k1, k2, p
′, q, p), (2.2.17)

where dΠ3 is the full 3 particle phase space, and use it to define the charge
asymmetry

A(k1, k2, p
′, q, p) :=

dσ
dΠ3

(k1, k2, p
′, q, p)− dσ

dΠ3

(k2, k1, p
′, q, p)

dσ
dΠ3

(k1, k2, p′, q, p) +
dσ
dΠ3

(k2, k1, p′, q, p)

=
R(k1, k2, p

′, q, p)−R(k2, k1, p
′, q, p)

R(k1, k2, p′, q, p) +R(k2, k1, p′, q, p)

=
R−(k1, k2, p

′, q, p)

R+(k1, k2, p′, q, p)
. (2.2.18)

While Equation (2.2.18) illustrates how the asymmetry under the exchange
π+ ↔ π− is a direct consequence of the interference of the C-even and C-odd
contributions, it is not very practical. In particular, many variables that appear
there are completely unrelated to the charge asymmetry. To find a more suit-
able definition of a charge asymmetry, it is best to consider the consequences of
exchanging the pions with each other in the π+π− rest frame. There, the relation

~k ≡ ~k1 + ~k2 = 0 (2.2.19)
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2.2. π+π− Photoproduction

holds, so that exchanging π+ ↔ π−, i.e., k1 ↔ k2, corresponds to

~k1 → −~k1, and ~k2 → −~k2. (2.2.20)

If ~k1 is expressed in polar coordinates with a polar angle θk1 ∈ [0, π] and an
azimuthal angle ϕk1 ∈ [−π, π] this transformation writes as

~k1 → −~k1 ⇔
{
ϕk1 → ϕk1 + π

θk1 → π − θk1
. (2.2.21)

A charge asymmetry thus manifests itself in an asymmetry of the angular dis-
tributions, i.e., the differential cross section in θ and ϕ, in the π+π− center of
mass system. In Section 3.2 in particular the asymmetry in dσ

d cos θk1
is studied,

where cos θk1 instead of θk1 is used for simplicity. It is defined according to
Equation (2.2.18) as:

A(cos θk1) :=

dσ
d(cos θk1)

(+ cos θk1)−
dσ

d(cos θk1)
(− cos θk1)

dσ
d(cos θk1)

(+ cos θk1) +
dσ

d(cos θk1)
(− cos θk1)

, . (2.2.22)

An asymmetry in ϕ can be defined equivalently. Some important remarks con-
cerning the choice of a suitable reference frame are made in Section 2.2.3.

From the asymmetry in the differential cross sections a total charge asymmetry Â
can be defined which can depend on various variables, such as mπ+π− or t.

Â(mπ+π− , t, . . . ) :=
σ+(mπ+π− , t, . . . )− σ−(mπ+π− , t, . . . )

σ+(mπ+π− , t, . . . ) + σ−(mπ+π− , t, . . . )
(2.2.23)

with

σ± :=

∫ 1

0

dσ(γp→ π+π−p)

d(cos θk1)
(± cos θk1) d(cos θk1), (2.2.24)

and equivalently for any other asymmetry variable.

2.2.3 Reference Frames

What remains to be specified, is the references frame in which the π+ angles
θk1 and ϕk1 are evaluated. This turns out to be a crucial point for studying
charge asymmetries. Several possible reference frames exist, of which the so-called
proton-Jackson [34] and photon-Jackson [35] frame are used in this thesis. They
are both defined in the π+π− center of mass system, where ~k1 = −~k2. The polar
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Figure 2.2.3: Illustration of the angles α and β introduced in the text.
Figure from Bolz et al. [32] and adapted.

axis in the proton-Jackson frame is given by the proton momentum ~p so that in
particular

cos θk1,p = p̂ · k̂1 (2.2.25)

where p̂ = ~p/|~p| and k̂1 = ~k1/|~k1|. Correspondingly, the photon momentum defines
the polar axis in the photon-Jackson frame. The remaining two axes are given by

ê1,p =
−~p′ + p̂ (p̂ · ~p′)
|p̂× ~p′|

and ê2,p = − p̂× ~p′
|p̂× ~p′|

(2.2.26)

in the proton-Jackson and

ê1,γ =
−~p′ + q̂ (q̂ · ~p′)
|q̂ × ~p′|

and ê2,γ = − q̂ × ~p′
|q̂ × ~p′|

(2.2.27)

in the photon-Jackson frame, with q̂ = ~q/|~q|. In particular, it is noteworthy that
ê2,p = −ê2,q.
To access the full asymmetry information, the differential cross section needs
to be studied in both angles simultaneously. For a two dimensional asymmetry
however, a smarter choice of angular coordinates than θk1 and ϕk1 is possible. The
scattering γ p → π+π− p is governed by the strong and electromagnetic force and
thus conserves parity. With ~p, ~q, and ~p′ all being in the same plane because of
momentum conservation, parity invariance corresponds to an invariance under
mirroring the process at this reaction plane. This motivates the introduction of a
new set of angles α and β. As illustrated in Figure 2.2.3, β is the elevation angle
with respect to the reaction plane and α is the azimuth in the plane with respect
to the proton momentum. They can be calculated using the relations

sin β = k̂1 · ê2,p, (2.2.28)

cos β cosα = k̂1 · ê3,p, and (2.2.29)

cos β sinα = k̂1 · ê1,p. (2.2.30)
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2.3. A New Event Generator for π+π− Photoproduction

The parity transformation, i.e., mirroring the process at the reaction plane, then
simply corresponds to β → −β. It is in particular noteworthy, that the relation

cos θk1,p = cos β cosα (2.2.31)

holds.

Concerning the charge asymmetries, the transformation ~k1 → −~k1 corresponds
to α → α + π and β → −β. Considering parity invariance, an asymmetry can
thus only appear in α. Consequently, the α-β frame is much more natural to
study asymmetries and in the following the proton-Jackson and photon-Jackson
frame are only considered because they are wildly used. For studying the full
two-dimensional asymmetry, the distribution in α and β used instead, with the
asymmetry defined as:

A(α, β) :=

d2σ

dαdβ
(α, β)− d2σ

dαdβ
(α + π, β)

d2σ

dαdβ
(α, β) +

d2σ

dαdβ
(α + π, β)

. (2.2.32)

2.2.4 Model Parameters and Limitations

The discussed model represents an effective field theory which should in principle
follow from QCD. However, for reasons discussed previously, the reaction cannot
be calculated starting directly from the QCD Lagrangian. As a consequence, the
model depends on a large set of unknown parameters which determine couplings,
Regge-trajectories form factors and such. A list of which is provided by Bolz et al.
[32, Table 1].

For some of the parameters the measurements have been performed and they
are known fairly well; others underlie theoretical restrictions. Yet others are not
known at all. For the plots presented in Chapter 3 the values provided by Bolz
et al. [32] are used. Some of these are chosen more or less arbitrarily and in
particular not tuned to adapt the model to experimental data. A detailed study of
parameter dependencies goes beyond the scope of this thesis. However, eventually
a fit of the model parameters to suitable experimental data should be performed
or at least the parameters could be tuned towards a better agreement with data.

2.3 A New Event Generator for π+π−

Photoproduction

The model discussed in the previous section provides a set of matrix elements
which can be used to calculate a cross section for π+π− photoproduction using the
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2. Theoretical Background of π+π− Photoproduction

formula given in Equation (2.2.7). However, performing the phase space integral
is an all but trivial task. Since finding an analytic solution for the integral - if
it even exists - is impossible one has to calculate it numerically. A variety of
algorithms can be used to estimate integrals. At higher dimensions the Monte
Carlo integration scheme [17] turns out to be the most efficient.

Monte Carlo Integration

Monte Carlo Integration can be used to estimate the integral of a function f(~x)
of arbitrary dimension over a volume Ω =

∫
d~x . The simple approach is to

uniformly sample N random points ~x1 . . . ~xN on Ω. The integral can then be
approximated by

1

Ω

∫
Ω

f(~x) d~x ' 1

N

N∑
i=1

f(~xi) ' 〈f(~x)〉. (2.3.1)

If f(~x) varies strongly over Ω importance sampling is a more efficient alternative.
Here the points ~xi are not sampled uniformly but rather according to probability
density p(~x) which is chosen such that it reflects the variation of f(~x). That is,
points ~x where f(~x) is large are sampled with a higher probability. The integral
in this case is estimated via

1

Ω

∫
Ω

f(~x) d~x =
1

Ω

∫
Ω

f(~x)

p(~x)
p(~x) d~x =

1

N

N∑
i=1

f(~xi)

p(~xi)
, (2.3.2)

where the property
∫
p(~x) d~x = Ω is used.

Event Generator

The total and differential cross sections that are presented in Chapter 3 are
obtained from an event generator written by Sauter [36] which relies on the
Monte Carlo integration scheme just described. While a full description of the
technicalities of this generator goes beyond the scope of this thesis, the basic
concepts and ideas behind it shall be briefly discussed along the lines of Appendix
D the publication by Bolz et al. [32].

The generator performs the following steps: First, the spin-sum of all the matrix
elements is calculated using the FeynCalc package [37]. It is then expressed in
terms of five independent variables, where for convenience

mπ+π− , t, ϕp′ , cos θπ, and ϕπ (2.3.3)
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2.3. A New Event Generator for π+π− Photoproduction

are chosen. mπ+π− is the invariant π+π− mass, t the proton momentum transfer,
ϕp′ the azimuthal angle of the outgoing proton in the γp rest frame, and θπ and
ϕπ are the angles of one of the pions in the π+π− rest frame. The three particle
phase space in Equation (2.2.7) can be expressed in terms of these variables:

dΠ3 =
1

(2π)9

1

16mπ+π−

λ1/2(m2
π+π− ,m

2
π,m

2
π)

λ1/2(s,m2
p,m

2
q)

dmπ+π− dt dϕp′ d(cos θπ) dϕπ.

(2.3.4)

Here, s = Wγp is proton photon center of mass energy, mp, mπ and mq = 0 are
the masses of proton, pions and photon, respectively and

λ(x, y, z) = x2 − 2(y + z)x+ (y − z)2. (2.3.5)

The accessible phase space is given by [38]

G(s, t,m2
π+π− ,m

2
p,m

2
q, t) ≤ 0 and (2.3.6)

G(m2
π+π− , tπ,m

2
π, t,m

2
p,m

2
π) ≤ 0 (2.3.7)

with

G(x, y, z, u, v, w) = x2y + xy2 + z2u+ zu2 + v2w + vw2 + xzw (2.3.8)
+ xuv + yzw + yuw − yuw − xy(z + u+ v + w) (2.3.9)
− zu(x+ y + v + w)− vw(x+ y + z + u) (2.3.10)

and tπ = (q − kπ)2, with kπ being the four-momentum of one pion in the π+π−

rest frame.
Putting everything together the differential cross section in Equation (2.2.7) takes
the form1

dσ =
(~c)2

2(s−m2
p)
|R|2 1

(2π)9

1

8

1

2mπ+π−

λ1/2(m2
π+π− ,m

2
π,m

2
π)

λ1/2(s,m2
p,m

2
q)

(2.3.11)

×Θ(−G(s, t,m2
π+π− ,m

2
p,m

2
q, t)) Θ(−G(m2

π+π− , tπ,m
2
π, t,m

2
p,m

2
π))

× dmπ+π− dt dϕp′ d(cos θπ) dϕπ.

To evaluate Equation (2.3.11) N phase space points

(mπ+π− , t, ϕp′ , cos θπ, ϕπ)i, i = 1 . . . N, (2.3.12)

are randomly sampled. The right hand side of Equation (2.3.11) without the
volume element is evaluated for each of those points and divided by N to define
an associated weight wi. In the spirit of MC integration, the total cross section
for γ p → π+π− p is then given by the sum of these weights.
Generally, the phase space points can be interpreted as weighted events for the
process γ p → π+π− p. The distribution of any variable in a sample of such events
then gives the corresponding differential cross section in said variable. The plots
presented in Chapter 3 are obtained in this fashion.

1The factor (~c)2 is explicitly introduced here in order to get results in S.I. units.
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2.4 Diffractive Electron Proton Scattering

s

q

t

Wγp

e

p

e′

p′

γ

VM

π+(k1)

π−(k2)P

Figure 2.4.1: Feynman diagram for diffractive electron-proton scatter-
ing process e p → e π+π− p in the Vector Dominance Model including
symbolic definitions of various kinematic variables.

To put diffractive photon-proton scattering as discussed in Section 2.2 into context
with the HERA electron-proton collider, diffractive electron-proton scattering is
briefly discussed here. Figure 2.4.1 shows a generic Feynman diagram for such
a scattering process. The incoming electron emits a photon, which in the VDM
oscillates into a virtual vector meson. In the high energy limit, this vector meson
interacts strongly with the incoming proton by exchange of a pomeron (P) or a
reggeon. By the interaction the vector meson is put onto its mass shell, i.e., it
becomes a real particle. In the context of diffractive π+π− production, in the
figure the vector meson is shown to decay into a π+π− final state.

Electron-proton scattering thus allows to study the hadronic properties of the
photon. The big advantage over direct photon scattering experiments is that
the electron can be accelerated to very high energies and in turn become a
source of highly energetic photons. Similar studies have been performed at the
HERA electron-proton collider experiments H1 and ZEUS, where ρ0 [39–54],
φ [40, 43, 46, 50, 55–58], ω [59, 60], J/ψ [43, 46, 47, 52, 61–71], ψ(2S) [72, 73],
and Υ [67, 74–76] production were investigated.
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2.4. Diffractive Electron Proton Scattering

2.4.1 ep Scattering Kinematics

On the basis of Figure 2.4.1 kinematic relations of the scattering process

e p → e π+π− p (2.4.1)

relevant for this thesis are introduced. The four-momenta of the incoming(outgoing)
electron and proton are denoted with e(e′) and p(p′), respectively. The proton is
allowed to scatter both elastically, i.e.,

p′
2

= m2
p, (2.4.2)

where mp is the proton mass, and dissociatively, i.e., p′ is an excited state with

p′2 > m2
p. (2.4.3)

k1 and k2 denote the four-momenta of the π+ and π− meson in the final state,
such that the four-momentum of the intermediate vector meson is given by

k = k1 + k2. (2.4.4)

In the following, given a four-momentum p the subscripts E, x, y, z, and t denote
its energy, x, y, z and transverse component, where the latter is given by

pt =
√
p2
x + p2

y; (2.4.5)

and θp and ϕp denote its polar and azimuthal angle.

In reaction 2.4.1 the Lorentz invariant variables

s = (e+ p)2, q2 = (e− e′)2, and t = (p− p′)2 (2.4.6)

denote the electron-proton center of mass energy, the electron and the proton
momentum transfer. For the t-channel processes considered here t < 0 GeV2

holds.

q = e− e′ is the four-momentum of the (virtual) photon. It can be used to define
the photon-proton center of mass energy

W 2
γp = (q + p)2. (2.4.7)

As q2 < 0 GeV2, historically, the photon virtuality is introduced as

Q2 = −q2, (2.4.8)

so that it is a positive number. Two kinematic regimes are distinguished:
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2. Theoretical Background of π+π− Photoproduction

• In the photoproduction regime Q2 = 0 GeV2, i.e., the photon is on-shell and
real.

• In the deep inelastic scattering (DIS) regime Q2 > 0 GeV2 and the photon
is virtual.

Under experimental conditions the boundary between these two regimes is blurred
and typically given by the acceptance of the detector for the scattered electron.

Further variables used in the context of deep inelastic electron-proton scattering
are the the fraction of the electron energy carried by the photon

y =
q · p
e′ · p, (2.4.9)

and the Bjorken scaling variable

x =
Q2

2q · p, (2.4.10)

i.e., the fraction of the proton-momentum carried by the struck parton in DIS in
the infinite momentum frame. y and x relate to other variables in the following
ways:

Q2 = xys, and (2.4.11)
W 2
γp = ys−Q2 −m2

p. (2.4.12)
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3 γp→ π+π−p Model Studies

The tools described in Section 2.3 allow to evaluate the model introduced in
Section 2.2 and to study many features of π+π− photoproduction. In the following,
two of the main aspects are investigated. First, total and differential model cross
sections are qualitatively compared to the measured ones in various kinematic
variables. A quantitative comparison is not done here, because several parameters
in the model are only estimated and would have to be measured first. Secondly,
π+π− charge asymmetries are studied. Of particular interest is of course the
question how they can be measured and whether they open the door for a possible
discovery of the odderon.

3.1 Cross Sections

The model should describe the two main characteristics of diffractive photon-
proton scattering: the behavior of the total cross section as a function of the
photon-proton center of mass energy Wγp, and the proton momentum transfer
dependence of the differential cross section dσ(γ p→π+π− p)

dt (see also Section 2.1).
In Figure 3.1.1 the total cross section as a function of Wγp is compared with
experimental data. The cross section as given by the model is integrated over the
invariant dipion mass in the range

2mπ ≤ mπ+π− ≤ 1.5 GeV (3.1.1)

and over the proton momentum transfer in the range

0 ≤ |t| ≤ 1 GeV2. (3.1.2)

The shown experimental data points, which are obtained from measurements at
the HERA electron-proton collider as well as fixed target experiments [48, 51, 53],
are taken under comparable conditions. At large energies, Wγp & 10 GeV, the
model describes the data very well. The discrepancies at lower energies come to
no surprise as the model is explicitly constructed for high energies. For it to be
valid also at low energies, more processes must be taken into account.

In addition to the full prediction, various contributions from sub-processes are
shown. At all energies the scattering is dominated by vector meson production.
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Figure 3.1.1: Total cross section σ(γ p → π+π− p) as a function of
the center of mass energy Wγp. The cross section is integrated over
2mπ ≤ mπ+π− ≤ 1.5 GeV and 0 ≤ |t| ≤ 1 GeV2. The full model, as
well as individual contributions from vector mesons, non-resonant pro-
cesses and the f2 resonance are shown. For comparison, measured data
from the HERA H1 [51] and ZEUS [48, 53] experiments and several fixed
target experiments as referenced in ZEUS publication [48] are also plotted.
Figure published by Bolz et al. [32].

This can be further split up into contributions from reggeon and pomeron exchange.
While the reggeon contributions steeply drop withWγp, the exchange of a pomeron
causes the slight rise in the total cross section with energy. The the second largest
contribution to π+π− photoproduction in the considered mass range comes from
the non-resonant processes shown in 2.2.2 e) and f). It is about one order of
magnitude smaller than vector meson production and rises in a similar manner
withWγp due to the pomeron exchange contribution. The production cross section
for the f2 lies approximately three orders of magnitude below that for the vector
mesons. As for the vector mesons, reggeon exchange only contributes at very low
energies, where it is dominant. At intermediate energies odderon exchange and the
Primakoff process take over. While odderon exchange falls slowly towards larger
energies, the Primakoff cross section rises such that at high Wγp it dominates f2

meson production.

In the following, differential cross sections are evaluated at fixed

Wγp = 30 GeV. (3.1.3)

This value is chosen because here the odderon contribution relative to the pomeron
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Figure 3.1.2: Differential cross section dσ(γ p→π+π− p)
dt

as a function of
the proton momentum transfer t. The cross section is evaluated at
Wγp = 30 GeV and integrated over 2mπ ≤ mπ+π− ≤ 1.5 GeV. The
full model, as well as individual contributions from vector mesons, non-
resonant processes and the f2 resonance are shown. Figure published
by Bolz et al. [32].

is strongest so that odderon effects can be studied best.

The differential cross section dσ(γp→π+π−p)
dt as a function of the proton momentum

transfer t is presented in Figure 3.1.2. As discussed, it is calculated for fixed
Wγp = 30 GeV and integrated over the mass range defined in Equation (3.1.1).
Again, the full model as well as contributions from various individual sub-processes
are shown. The full cross section shows the very steep exponential fall that is also
present in the experimental data, see for example Figure 3.1.3. A direct comparison
with the measured data is not possible here, because of the incompatible energy
ranges.

By themselves not all of the shown contributions exhibit the exponential depen-
dence on t. Most prominently, the cross section for f2 production diverges1 at
t = 0 GeV2. This divergence originates from the photon exchange, whereas in
contrast, odderon and reggeon contributions drop down towards small |t|. This
is all expected and theoretically understood, as explained by Bolz et al. [32,
Appendix C]. Concerning the odderon contribution, it should be noted that it
dominates f2 production in the range |t| & 0.1 GeV2.

1An actual diverging cross section is stopped by the accessible phase space with a minimum
possible |t|.
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3.1. Cross Sections

Figure 11: (a) The differential cross section dσ/d|t| for the process γp → π+π−p in the kine-
matic range 0.55 < Mππ < 1.2 GeV and 50 < W < 100 GeV. (b) The differential cross
section dσ/d|t| for the process γp → ρ0p in the kinematic range 2Mπ < Mππ < Mρ + 5Γ0 and
50 < W < 100 GeV. The continuous lines in (a) and (b) represent the results of the fits with
the functional forms (17) and (18), respectively. The error bars represent only the statistical
uncertainties and are smaller than the size of the symbols.
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Figure 3.1.3: Measured differential cross section dσ(γp→π+π−p)
dt as a function

of the proton momentum transfer t. The cross section is integrated over
50 ≤ Wγp ≤ 100 GeV and 0.55 ≤ mπ+π− ≤ 1.2 GeV. Figure from the
ZEUS Collaboration [48].

In Figure 3.1.4 the differential cross section dσ(γp→π+π−p)
dmπ+π−

is shown as a function
of invariant dipion mass. The cross section is given at fixed Wγp = 30 GeV and
integrated over |t| in the range given in Equation (3.1.2). In addition to the full
model, the contributions from the ρ0, ω, f2, and ρ′ mesons are also shown, as well
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Figure 3.1.4: Differential cross section dσ(γ p→π+π− p)
dmπ+π−

as a function of the
invariant dipion mass. The cross section is evaluated at fixed Wγp =
30 GeV and integrated over 0 ≤ |t| ≤ 1 GeV2. The full model, as well
as the contributions from the ρ, ω, f2 and ρ′ resonances and from the
non-resonant processes are shown. Figure published by Bolz et al. [32].
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as the non-resonant contribution. The overall cross section is largely dominated
by the ρ0 resonance with other contributions being several orders of magnitude
smaller. However, those processes can still have significance via interference
effects.

Figure 6: The differential cross section dσ/dMππ for the elastic reaction γp → π+π−p in the
kinematic region 50 < W < 100 GeV and |t| < 0.5 GeV2. The points represent the ZEUS data
and the curves indicate the result of the fit to the data using expression (15). The dashed curve
represents the resonant contribution, the dot-dashed curve the non-resonant contribution and
the dotted curve the contribution of the interference term. The continuous curve is the sum.
Only statistical errors are shown.
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Figure 3.1.5: Left: Measured differential cross section dσ(γp→π+π−p)
dmπ+π−

as a
function of mπ+π− integrated over the 50 < Wγp < 100 GeV and |t| <
0.5 GeV2. The data is fitted with the model given in Equation (3.1.4).
The resonant contribution to the model A, the constant contribution B,
and the mixed term are also shown individually. Figure from the ZEUS
Collaboration [48].
Right: Measured differential cross section d2σ(γ p→π+π− p)

dtdmπ+π−
as a function of

mπ+π− . The fit illustrates how the ρ0-ω-interference introduces the steep
edge right on top of the ρ0 mass peak. Figure from Alvensleben et al.
[77].

The largest consequence of such an interference effect is the glaring difference in
the shapes of the full model and the isolated ρ0 resonance. At masses below the
ρ0 peak the cross section in the full model is enhanced while at masses above
the peak it is reduced with respect to the ρ0 contribution. This skewing of the
ρ0 resonance shape is a clear characteristic seen in experimental data. As an
example, a measurement of the dipion mass distribution performed at the ZEUS
experiment [48] is shown in Figure 3.1.5. There the measured ρ0 resonance clearly
deviates from the expected Breit-Wigner [78] shape in the discussed manner.

Drell [79, 80] and Söding [81] first explained this skewing as a consequence of an
interference of the ρ0 with non-resonant contributions. From this assumption a
phenomenological shape for the differential cross section was derived, which has
been successfully used to describe the measurements:

dσ(γp→ π+π−p)

dmπ+π−
(mπ+π−) =

∣∣∣∣A
√
mπ+π−mρΓρ

m2
π+π− −m2

ρ + imρΓρ
+B

∣∣∣∣2. (3.1.4)
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3.1. Cross Sections

In Equation (3.1.4) the contribution A, corresponding to a resonance described by
a regular Breit-Wigner with nominal mass mρ and momentum dependent width
Γρ, is extended at amplitude level by a constant, non-resonant contribution B. On
the cross section level, this gives rise to a mixed, i.e., interference, term causing
the skewing of the ρ0 resonance. A fit of Equation (3.1.4) to ZEUS data is also
shown in Figure 3.1.6, together with the contributing two direct terms and the
interference term.
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Figure 3.1.6: Differential cross section dσ(γ p→π+π− p)
dmπ+π−

as a function of the
invariant dipion mass mπ+π− . The cross section is evaluated at fixed
Wγp = 30 GeV and integrated over 0 ≤ |t| ≤ 1 GeV2. The full model, as
well as the ρ0 and the non-resonant contribution are shown together with
the interference of the ρ0 with the non-resonant contribution, as well as
with the ω. Figure published by Bolz et al. [32].

In the model the interference of the ρ0 with the non-resonant contribution as
the origin of the skewing becomes explicit. Figure 3.1.6 shows in analogy to
the ZEUS plot the differential cross section dσ(γp→π+π−p)

dmπ+π−
split up into direct and

interference terms. A direct comparison of the model with the data at this point
is not possible for two reasons. Again, the data are shown for different energies
and, more importantly, the exact ρ0 shape is very sensitive to the choice of model
parameters which have not been tuned yet.

A second characteristic feature of the ρ0 shape is a very steep fall off directly above
the ρ0 mass. It comes from an interference of the ρ0 with the ω. In Figure 3.1.5 the
dipion mass distribution measured in π+π− photoproduction on a hydrogen target
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3. γp→ π+π−p Model Studies

is shown [77] where this fall off is clearly present. The responsible interference
term as it results from the model is included in Figure 3.1.6 as well.

One last, small interference effect to be noticed is the plateau seen at the ρ′
mass in the region mπ+π− ' 1.5 GeV, see Figure 3.1.4. While the ρ′ resonance is
not directly visible, it interfering with other contributions is responsible for this
plateau.

3.2 Angular Distributions and Charge
Asymmetries

In the previous section total and differential cross sections for π+π− photopro-
duction as calculated in the model are discussed. While the total cross section is
clearly dominated by ρ0 resonance production, the other contributions can have a
significant influence on the differential cross section via interference effects, as can
be seen in particular in the skewing of the ρ0 shape. Interference effects play a
similarly important role in the angular distributions and in particular give rise to
the charge asymmetries discussed in Section 2.2.2.

The angular distribution of cos θk1,p, i.e., the cosine of the polar angle of the positive
pion in the proton-Jackson frame, is shown in Figure 3.2.1. It is considered in
two π+π− mass windows separately: one around the ρ0 resonance:

0.45 < mπ+π− < 1.1 GeV, (3.2.1)

and a second one around the f2 resonance:

1.1 < mπ+π− < 1.35 GeV. (3.2.2)

The full model as well as various significant contributions are shown.

In the ρ0 mass window, the angular distribution of the full model is again clearly
dominated by vector meson production and the f2 contributions are not even visible
on the scale. In particular it is perfectly symmetric under the transformation
cos θk1,p → − cos θk1,p. In the f2 mass window on the other hand, the f2

resonance has a significant influence, which presents itself in the asymmetry of
the distribution. The totally antisymmetric contribution to the differential cross
section dσ(γp→π+π−p)

d(cos θk1,p)
(cos θk1,p), coming from the R− part of the squared amplitude

as introduced in Section 2.2.2, enhances the cross section for negative and reduces
it for positive values of cos θk1,p. In the f2 mass window, R− obtains the largest
contributions from the interference of π+π− production via the f2 meson with
both the production via the vector mesons, and non-resonant production. The two
interference terms contribute with opposite sign, however because of a difference
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Figure 3.2.1: Differential cross section dσ(γp→π+π−p)
d(cos θk1,p)

(cos θk1,p) in the proton-
Jackson reference frame. The cross section is shown integrated over
Wγp = 30 GeV and 0 ≤ |t| ≤ 1 GeV2. It is considered separately in the
ρ0 mass window (top left) and the f2 mass window (top right). The
distribution in the f2 mass window is also shown on a linear scale (bottom
right). The total model as well as interesting contributions as listed in
the legend are shown. Figure published by Bolz et al. [32].
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Figure 3.2.2: Asymmetry in the proton-Jackson frame as a function of
cos θk1,p in the ρ0 (left) and f2 mass window (right). The asymmetries are
shown for Wγp = 30 GeV and 0 ≤ |t| ≤ 1 GeV2.

in strength a net asymmetric term remains. As expected, the interference terms
are much larger than the direct f2 contribution to the angular distribution.

From the differential cross section dσ(γp→π+π−p)
d(cos θk1,p)

(cos θk1,p) an asymmetryA(cos θk1,p)

can be calculated according to Equation (2.2.22). It is shown for the ρ0 and f2 mass
window in Figure 3.2.2. In compliance with the discussion along Figure 3.2.1 an
asymmetry is present in the f2 mass window, only. As is discussed in Section 2.2.2,
this asymmetry corresponds to a charge asymmetry under the exchange π+ ↔ π−.

To obtain a complete picture of this charge asymmetry, also the asymmetry in the
ϕk1 distribution should be studied. The ϕk1 distribution is shown in Figure 3.2.3,
again for various model contributions and separately for the ρ0 and the f2 mass
window. According to Equation (2.2.21), a charge asymmetry corresponds to an
asymmetry of the differential cross section dσ(γp→π+π−p)

dϕ (ϕk1) under ϕk1 → ϕk1 +π.
As is expected from the discussion along Figure 3.2.1, such an asymmetry is
present in the f2, but not in the ρ0 mass region.

With respect to measuring a charge asymmetry, the choice of reference frame
turns out to be quite crucial. In Figure 3.2.4 the differential cross section
dσ/d cos θk1,γ(cos θk1,γ) and asymmetry A(cos θk1,γ) in the f2 mass window are
shown in the photon-Jackson frame. The asymmetry in cos θk1,γ exhibits a sign
flip at about 0.8 and thus has a completely different quality than the asymmetry
in cos θk1,p. This becomes particularly important, if in a measurement only total
asymmetries according to Equation (2.2.23) are considered, where integrating over
a sign flip might hide the presence of an asymmetry.
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Figure 3.2.3: Differential cross section dσ(γp→π+π−p)
dϕ (ϕk1) in the proton-

Jackson reference frame. The cross section is shown integrated over
Wγp = 30 GeV and 0 ≤ |t| ≤ 1 GeV2. It is considered separately in the
ρ0 mass window (top left) and the f2 mass window (top right). The
distribution in the f2 mass window is also shown on a linear scale (bottom
right). The total model as well as interesting contributions as listed in
the legend are shown.
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Figure 3.2.4: Differential cross section dσ(γp→π+π−p)
d(cos θk1,p)

(cos θk1,γ) (left) and
asymmetry A(cos θk1,γ) (right) in the photon-Jackson frame for the f2

mass window. Both are shown for Wγp = 30 GeV and 0 ≤ |t| ≤ 1 GeV2.
For a definition of the various curves, see Figure 3.2.1.
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Figure 3.2.5: Asymmetry in the f2 mass window as a function of the angles
α and β. The asymmetry is shown forWγp = 30 GeV and 0 ≤ |t| ≤ 1 GeV2.
The white lines indicate lines of constant cos θk1,p. Figure published
by Bolz et al. [32].

To understand where the difference in the asymmetries in the proton-Jackson
and the photon-Jackson frame stems from it is illustrative to consider the full

39



3.2. Angular Distributions and Charge Asymmetries

charge asymmetry in the two-dimensional angular distribution. Rather than
using the polar and azimuthal angle in either the proton- or the photon-Jackson
frame, the angles α and β are used here. As is discussed in Section 2.2.3, they
are the natural choice when it comes to studying the charge asymmetries. In
Figure 3.2.5 the asymmetry in the twodimensional α-β-plane is shown. While the
overall α-β-dependence is rather non-trivial there are two important symmetries.
First, by construction A(α, β) = −A(α + π,−β). Second, the asymmetry also
satisfies A(α, β) = −A(α,−β), which must hold to ensure parity-invariance of
π+π− photoproduction as discussed in Section 2.2.3.

The lines in the plot represent contour levels of constant cos θk1,p = cosβ cosα.
They connect the asymmetry as a function of α and β to the asymmetry as a
function of cos θk1,p, which is shown in Figure 3.2.2. The relation between α and
β and cos θk1,γ, on the other hand, is more complex. In the π+π− center of mass
system photon and proton momenta do not point into opposite directions because
the π+π− system carries a small transverse momentum kt. As a consequence
cos θk1,γ = − cos(α+ δ(kt)) cos β, i.e., lines of constant cos θk1,γ in Figure 3.2.5 are
shifted along α by 180◦ plus a small kt dependent angle. Integrating along those
lines yields Figure 3.2.4.

3.2.1 Origin of the Asymmetries

From the previous discussion it became clear, that the strength of the observed
charge asymmetry depends strongly on the considered invariant dipion mass
window. A strong asymmetry is present in the mass region of the f2 meson but
not at the ρ0 mass peak. To study how exactly the asymmetry depends on the
dipion mass the total asymmetry that is defined in Equation (2.2.23) is shown in
Figure 3.2.6 as a function of mπ+π− . As expected, a strong total asymmetry of
up to −5% is present in the region of the f2 resonance peaking at about 1.2 GeV.
Looking at lower π+π− masses, the asymmetry vanishes, whereas at higher masses
it changes sign at about 1.35 GeV and then decreases slowly.

To understand this mass behavior and in particular the sign flip, it is illustrative
to consider in more detail the origins of the charge asymmetry. As is discussed
in Section 2.2.2, it is due to interferences between model contributions with
C = −1 and C = +1 exchange. In order to see how the various possible
interferences contribute to the total asymmetry in the full model, the asymmetry
is also shown in Figure 3.2.6 with selected model contributions turned off. Most
importantly, the large asymmetry in the f2 mass region vanishes, if there are
no f2 contributions to π+π− photoproduction. Further, it can be explicitly seen
that the asymmetry arising from the interference between the f2 and the vector
mesons is negative and thus has the opposite sign than the positive asymmetry
from the interference between the f2 and the non-resonant background. For the
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Figure 3.2.6: Total asymmetry as a function of the invariant dipion mass
mπ+π− shown forWγp = 30 GeV and 0 ≤ |t| ≤ 1 GeV2. To illustrate which
processes generate the asymmetry it is shown not only for the full model
but also for the model without the f2, vector meson, or non-resonant
contributions as denoted in the legend.

latter, only the component with C = +1 exchange plays a rôle. Interestingly,
the absolute value the asymmetry due to the non-resonant background is larger
than the asymmetry due to the vector mesons, and yet the total asymmetry is
negative. This is a consequence of the previously discussed skewing: Without the
non-resonant contribution also the cross section in the f2 mass region and thus the
denominator in Equation (2.2.23) increases (see Figure 3.1.4). As a consequence
the the asymmetry becomes smaller.

3.2.2 The Odderon Contribution

Now that the presence of asymmetries arising from the interference of the f2 with
the vector meson and non-resonant contributions is established, the role of the
odderon shall be further investigated. In particular, features of the odderon in the
asymmetries that could allow to discover it experimentally are discussed. Figure
3.2.7 shows the asymmetry as a function of cos θk1,p in the proton-Jackson frame
with the Primakoff and odderon contribution being shown individually. For the
given model parameters, the odderon part is slightly larger than the photon part,
other than that the two contributions show a very similar behavior.

The total asymmetry as a function of the proton momentum transfer t is shown
in Figure 3.2.8 (left). There the Primakoff contribution is almost constant,
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Figure 3.2.7: Asymmetry in the proton-Jackson frame as a function of
cos θk1,p in the f2 mass window. The asymmetry is shown for Wγp =
30 GeV and 0 ≤ |t| ≤ 1 GeV2. The black line corresponds to the full
model, the blue and green line show the asymmetry appearing if either
only odderon exchange or photon exchange contribute to f2 resonance
production. Figure published by Bolz et al. [32].

whereas. the odderon contribution becomes significantly stronger with increasing
|t|. This is a consequence of the earlier discussed difference in t-dependence of
the two respective cross sections: At small |t| photon exchange dominates the f2

production, at large |t| & 0.1 GeV2 the odderon contribution becomes dominant.
Furthermore, at large |t| the vector meson production cross section drops faster
than the f2 cross section so that as a consequence the asymmetry becomes stronger.
However, the precise shape of the asymmetry should not be taken too seriously
because the precise t-dependence of the odderon exchange is not known and only
estimated in the model. Nonetheless, since the Primakoff contribution is a well
understood QED process, a strong dependence of the asymmetry on t would be a
good indication for an odderon contribution.

The energy dependence of the total charge asymmetry is shown in Figure 3.2.8
(right), again including both the Primakoff and the odderon contribution. At high
energies, Wγp > 10 GeV, the Primakoff part of the asymmetry stays constant with
energy, while the odderon part becomes smaller with increasing Wγp. The exact
dependence of the odderon asymmetry is particularly sensitive to the odderon
parameters. As the rise of the cross section for pomeron and odderon exchange is
determined by the intercept of the corresponding Regge trajectory, the energy
dependence of the asymmetry is given by them as well. While the odderon
intercept is not known and thus the energy dependence of the charge asymmetry
can differ from what is shown in the plot, the asymmetry has to fall with energy,
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Figure 3.2.8: Total asymmetry in the proton-Jackson frame as a function
of t (left) and Wγp (right) in the f2 mass window. In the left plot the
asymmetry is shown for Wγp = 30 GeV, in the right plot for 0 ≤ |t| ≤
1 GeV2. The black lines corresponds to the full model, the blue and green
lines show the asymmetry appearing if either only odderon exchange
or photon exchange contribute to f2 resonance production. Left figure
published by Bolz et al. [32].

because the odderon intercept has to be smaller than the pomeron intercept [10].
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3.3 Experimental Challenges

To establish a connection to the second part of this thesis, where detector effects
leading to charge asymmetries are studied at the H1 detector, issues and challenges
related to detector effects are briefly discussed in this section. Ideally, one would
like to process the events obtained from the event generator described in Section 2.3
through a detector simulation. Unfortunately, this was not possible within the
scope of this thesis. As an alternative, possible detector effects are mimicked
directly on the generator level, which allows to study their impact on the charge
asymmetries in the model qualitatively.

Acceptance Effects
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Figure 3.3.1: Asymmetry in the f2 mass window as a function of the angles
α and β. The asymmetry is shown forWγp = 30 GeV and 0 ≤ |t| ≤ 1 GeV2.
Additionally, in the laboratory frame both pion tracks are required to have
a transverse momentum plabt > 200 MeV and a polar angle in the range
20◦ < θlab < 160◦. The white lines indicate lines of constant cos θk1,p.

First, the consequence of a limited detector acceptance is discussed. For the H1
central tracking system the observable phase space region is given by

plabt & 0.2 GeV and 20◦ < θlab < 160◦ (3.3.1)

where plabt is the transverse momentum of a track in the laboratory frame and θlab
its polar angle with respect to the flight direction of the incoming proton. The
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lab frame is chosen such, that the incoming proton has a momentum of 920 GeV
and flies anti-parallel to the incoming photon.

The charge asymmetry for events within the acceptance region is shown in the
α-β plane in Figure 3.3.1. An area around α = 0,±π (corresponding to the
direction of the incoming proton in the π+π− center of mass frame) has become
inaccessible and no asymmetry is left there compared to the original plot shown
in Figure 3.2.5.

Detector Asymmetries
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Figure 3.3.2: Asymmetry at presence of a systematic shift of the klab1,t

spectrum as a function of cos θk1,p in the f2 mass window (left) and
total asymmetry in the proton-Jackson frame as a function of the π+π−

invariant mass (right). The continuous lines show the original model, the
dashed (b > 0) and dotted (b < 0) lines correspond to the model with a
distorted klab1,t spectrum as described in the text.

Secondly, consequences of detector effects resulting in charge asymmetries at the
detection of particles are discussed. With respect to the H1 detector two possible
scenarios are considered. First, the H1 Central Tracker (compare Chapter 4) is
asymmetric in the transverse plane which can cause charge asymmetries in the
tracking efficiency for low plabt , i.e., strongly bent, tracks. In particular the Fast
Track Trigger, used at H1 to trigger photoproduction events, is prone to this, as
is discussed in detail in Chapter 7. Effectively, plabt dependent trigger efficiencies
can lead to distortions of the measured plabt spectra in a data sample, which can in
particular be charge asymmetric if the underlying effect is. To simulate the impact
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this might have on the observation of the model asymmetries, the generated pion
plabt spectra can be artificially modified by applying plabt and charge dependent
event weights:

w±(plabt ) =
f±(plabt )∫

f±(plabt ) dplabt
, (3.3.2)

with arbitrary weigh functions f+ and f− for positive and negative tracks, respec-
tively.

As two possible examples f− := 1 and f+ := a + b klab1,t , with a = 1 and
b = ±0.2 GeV−1 are chosen here, by which the the plabt spectrum of the posi-
tive pion track is shifted towards higher (b > 0) or lower values (b < 0) and the
spectrum of the negative track remains undisturbed. In Figure 3.3.2 the corre-
sponding distorted asymmetry as a function of cos θk1,p, as well as the distorted
total asymmetry as a function of mπ+π− are shown. Depending on the sign of b the
asymmetry is in- (b > 0) or decreased (b < 0). Fortunately, the way the distortions
are applied here, they shift the asymmetry in the same direction independent of
the invariant mass mπ+π− . Assuming detector effects do not change too rapidly
with the dipion mass, they are thus unlikely to fake or hide the sign change in the
total asymmetry, making this sign change a very robust observable.

While not being shown explicitly here, charge dependent distortions of the pions’
lab frame polar angle θlab distributions distort the charge asymmetries in a similar
manner.

20
cm

B = 1.15T
rφ-plane

Figure 3.3.3: Illustration on how a dead detector region in ϕ can effect bent
tracks of opposite charge differently and thus induce a charge asymmetry.

A second possibility to consider are blind detector regions along the azimuthal
angle ϕlab. Such a situation is again present at the H1-detector, where dead wires
in the outer Central Drift Chamber (compare Chapter 4 and Chapter 7) cause a
significant drop in the trigger efficiency for events with tracks in the corresponding
region. This is particularly interesting for low plabt tracks that are strongly bent
and thus, depending on their charge need a different angle ϕlab at the vertex in
order to hit a dead wire as is illustrated in Figure 3.3.3.
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Figure 3.3.4: Distorted asymmetry in the f2 mass window as a function
of the angles α and β. The asymmetry is shown for Wγp = 30 GeV and
0 ≤ |t| ≤ 1 GeV2 and with charge and plabt dependent cut on ϕlab as
described in the text.

To study the consequences for the model asymmetry, in the event generator a
cut is implemented to reject events with a track hitting a 15◦ wide window at a
radius of 20 cm, assuming a 1.2 T magnetic field. The model asymmetry for this
scenario is shown in Figure 3.3.4 as function of the angles α and β in the f2 mass
window. A comparison to the asymmetry in the undisturbed model, as shown in
Figure 3.2.5, yields that such dead detector regions do not seem to influence the
model asymmetries on a visible scale.
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DETECTOR ASYMMETRY
MEASUREMENTS AT THE H1
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4 The H1 Experiment at HERA

The analysis performed in this thesis uses data taken by the H1 experiment
sited at the HERA electron proton collider. In this chapter an overview over the
experimental setup is be given.

4.1 The HERA Collider at DESY

HERA

PETRA

DORIS

HASYLAB

DESY

Hall NORTH (H1)

Hall EAST (HERMES)

Hall SOUTH (ZEUS)

Hall WEST (HERA-B)

Electrons / Positrons
Protons

Figure 4.1.1: The HERA and pre-accelerators at DESY. Figure from
DESY [82] and adapted.

The HERA (Hadron Elektron Ring Anlage) collider at the DESY (Deutsches
Elektronen Synchrotron) laboratories in Hamburg combined an electron and a
positron accelerator in a unique setup in one ring tunnel of 6.3 km length. In the
electron machine, electrons or positrons1 were accelerated clockwise and stored at
an energy of 27.5 GeV. The protons in the other machine traveled counterclockwise
at a maximum energy of 920 GeV. The two beams, having a center of mass energy
of
√
s = 318 GeV, were brought to collision inside the two large general purpose

1In the following, “electron” refers to electrons and positrons if not stated otherwise.
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detectors H1 and ZEUS. In addition, HERA accommodated the spin physics
experiment HERMES, where the electron beam was scattered at a hydrogen or
deuterium target, and the b-physics experiment HERA-B. An overview of the
DESY accelerator complex showing HERA and various preaccelerators is given in
Figure 4.1.1.

Table 4.1.1: HERA II design parameters as specified in by the H1 Collab-
oration [83].

electron beam proton beam
energy [GeV] 27.5 ≤ 920

number of bunches total/colliding 180/174 180/174
particles per bunch 4.2 · 1010 10 · 1010

beam current [mA] 58 140
beam size σx × σy [µm× µm] 118× 32 118× 32

bunch crossing rate [Mhz] / bunch spacing [ns] 10.4 / 96
luminosity [cm−2 s−1] 7.36× 1031

specific luminosity [cm−2 s−1mA−2] 1.64× 1030

total integrated luminosity (2004-2007) [pb−1] 612

HERA first went into operation in 1992, received a major luminosity upgrade
over the turn of the century [83, 84] and was ultimately shutdown in 2007. Table
4.1.1 lists the design parameters for the upgraded machine. The core of the
HERA physics program was the study of the internal structure of the proton
and the dynamics of the partons comprising it. Beyond that, a wide range of
other phenomena were investigated as well. Among those are the electroweak
force, for which H1 and ZEUS could find direct evidence for the unification of
the electromagnetic and weak forces, QCD, for which the scale dependence of
the coupling constant could be measured over a wide range of energies, or, in the
context of the thesis, diffractive scattering processes and the hadronic structure
of the photon. For an overview of H1 and ZEUS measurements see [85].

4.2 The H1 Detector

A schematic view of the H1 detector as it was designed for the HERA II phase is
given in Figure 4.2.1. The detector is asymmetric with respect to the nominal
interaction point (IP), because incoming electrons and proton have different center
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Table 4.2.1: H1 subdetector systems as indicated in Figure 4.2.1.

detector component abbreviation
1 nominal interaction point IP

Tracking Detectors
2 Central Silicon Tracker CST
3 Backward Silicon Tracker BST
4 Forward Silicon Tracker FST
5 Central Inner Proportional Chamber CIP

and Central Inner z-Drift Chamber CIZ
6 Central Outer Proportional Chamber COP

and Central Outer z-Drift Chamber COZ
7 Inner Central Jet Chamber CJC1
8 Outer Central Jet Chamber CJC2
9 Forward Tracking Detectors FTD
10 Backward Proportional Chamber PBC

Calorimetry
11 Liquid Argon Cryostat
12 Liquid Argon Electromagnetic Calorimeter LAr elm.
13 Liquid Argon Hadronic Calorimeter LAr hadr.
14 Liquid Argon Cryogenic System
15 Electromagnetic Spaghetti Calorimeter SpaCal elm.
16 Hadronic Spaghetti Calorimeter SpaCal hadr.
17 Plug Calorimeter Plug

18 Toroid and Superconducting Solenoid Magnet
19 Superconducting Focusing Magnets GO/GG

Muon Detectors
20 Instrumented Iron: Central Muon and Tail Catcher CMD/TC
21 Forward Muon Detector FMD

22 Veto wall (time of flight system) ToF
23 Concrete Shielding
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Figure 4.2.1: Schematic cut through of the H1 detector as operational
at HERA II. For a list of the various subdetectors see Table 4.2.1. The
coordinate system used in the following is shown as well, but for clarity is
moved away from the origin at 1. Figure provided by collaboration and
adapted.

of mass energies, which results in a boost of the particles created in a collision in
the proton flight direction.

The H1 coordinate system, see Figure 4.2.1, has its origin at the IP. The z-axis is
given by the flight direction of the protons (forward direction), the x and y-axis
point towards the center of the HERA ring and upwards, respectively. They
span the transverse plane. In polar coordinates, the polar angle θ is defined with
respect to the z-axis. The azimuthal angle ϕ in the transverse plane is defined
such that the x-axis corresponds to ϕ = 0 and that it is in the range −π < ϕ < π.

Like most collider experiments, H1 can be subdivided into sections for tracking,
calorimetry, and muon detection, which consist of various subdetectors, each, as
listed in Table 4.2.1. The tracking section is located closest to the IP to measure
tracks of charged particles. Directly around the beam pipe, high resolution silicon
detectors aim to resolve secondary vertices of long living particles. At larger
radii, fast multiwire proportional chambers are used for triggering purposes and
drift chambers to reconstruct trajectories of charged particles. Surrounding the
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tracking section, in the calorimeter systems particle energies are measured. In the
central and forward direction a liquid argon sampling calorimeter is used with lead
(electromagnetic part) and iron (hadronic part) absorber layers. In the backward
region, the sphaghetti calorimeter, a lead-scintillator-fibre detector, is employed
mainly to measure the scattered electron. The calorimeter is surrounded by a
superconducting solenoid providing a magnetic field of 1.15 T, in which charged
particles are bent according to their transverse momentum. At the very edge of
the detector, muons that penetrate the calorimeter are measured in designated
muon detectors. Detailed descriptions of all H1 subdetectors are provided by the
H1 Collaboration [86, 87]; in the following only those systems relevant for this
thesis are described.

4.2.1 H1 Central Tracking System
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Figure 4.2.2: Radial view of the H1 Central Tracking Detector as opera-
tional during HERA II. The colored lines indicate how positive tracks(blue)
and negative tracks(red) are bent in the magnetic field.

In the H1 tracking section three regions are distinguished: the Forward Tracking
Detector (FTD) covers tracks with polar angles 7◦ < θ < 20◦, the Central Tracking
Detector (CTD) 20◦ < θ < 160◦, and the Backward Proportional Chamber (BPC)
160◦ < θ < 175◦. For this thesis only the CTD is of relevance and important
components are introduced. A schematic cut through the CTD in the transverse
plane is shown in Figure 4.2.2.
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4.2. The H1 Detector

At the center of the CTD, closest to the beam pipe, the Central Silicon Tracker
(CST) is used to measure the primary vertices of scattering events and the decay
vertices of long-lived particles with a high spatial resolution. It is surrounded by
the fast Central Inner Proportional Chamber (CIP) used for trigger and timing
purposes. Following the CIP at even larger radii the Central Jet Chambers (CJC)
1 and 2, two concentric drift chambers with wires strung parallel to the z-axis, are
used to precisely measure tracks in the transverse plane. The z-positions of CJC
hits can be determined by charge division along the wires. For a more precise
measurement of the z-position of a track the Outer z-Drift Chamber (COZ), which
has its wires strung perpendicular to the beam axis, is installed in between the
CJC1 and CJC2. Finally, a second proportional chamber, the Central Outer
Proportional Chamber (COP), is installed between the COZ and the outer CJC.
The jet chambers and the CIP are most relevant for this thesis and explained in
more detail below.

In the H1 magnetic field charged particles are deflected in the transverse plane but
remain undisturbed along the z-axis. Their tracks thus are described by helices
which are characterized by a set of 5 parameters. Those are in the transverse plane
the curvature κ, the distance of closest approach to the IP dca and the azimuthal
angle ϕ0 at the point closest to the IP, and in the rz-plane the z-position of the
point of closes approach z0 and the polar angle θ. The curvature κ is the inverse
of the radius R of a circular track in the transverse plane:

κ =
1

R
. (4.2.1)

R in turn is given by the transverse momentum pt of a particle, its charge z in
units of the elementary charge e, and the magnetic field B:

pt = p cos θ = zeRB. (4.2.2)

For the field configuration present at H1 this simplifies to

pt[ GeV] = 0.345 ·R[ m]. (4.2.3)

So in particular, measuring the curvature of a track allows to also measure its
transverse momentum.

The Central Jet Chamber (CJC)

The Central Jet Chamber [88] consists of two large, concentric drift chambers,
the inner CJC1 and the outer CJC2, with a geometry as specified in Table 4.2.2.
They are filled with an Argon-Ethane based gas mixture. In the transverse plane
the CJC1 is divided into 30 and the CJC2 into 60 drift cells as illustrated in
Figure 4.2.2. Cells are defined by cathode wire planes strung parallel to the z-axis
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4. The H1 Experiment at HERA

Table 4.2.2: CJC Parameters as listed by Bürger et al. [88].

CJC1 CJC 2
number of cells 30 60
number of sense wires/cell 24 32
inner radius [cm] 20.3 53.0
outer radius [cm] 42.6 84.4
active radius [cm] 22.5 29.6
z-min [cm] −112.5

z-max [cm] +107.5
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Figure 4.2.3: Schematic of a CJC drift cell consisting of cathode planes
and anode wires. Potential wires are not shown. Left: Isochrones of
the electric and magnetic field. Right: The charge carriers ionized by
a charged track drift to the anode wires in the direction of the marked
Lorentz angle and cannot be distinguished from mirror charges.

and contain 24 (CJC1) and 32 (CJC2) anode wires along a central plane. The
wire planes are titled by 30◦ with respect to the radial direction. The application
of a high voltage creates an electrostatic field, which is further shaped by several
potential wires per cell. In this field charge carriers that are ionized when a
charged particle traverses the gas volume drift to the anode and cathode wires.
The field is shaped such, that isochrones, i.e., lines of constant field strength
in the superimposed electric and magnetic field, form circles in the near field
around the anode wires and charge carriers always drift to the closest wire. The
Lorentz angle, i.e., the angle between the direction of the electric field and the
drift direction of the charge carriers in the presence of an electric and a magnetic
field, is approximately 25◦. Considering the tilt of the drift cells, charge carriers
ionized by a straight, high pt (“stiff”) track drift almost perpendicular to the track
as illustrated in Figure 4.2.3.

The anode wires are used as sens wires and the signals induced by the charge
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Figure 4.2.4: On the projective geometry of the CIP. Tracks originating
from the same position along the z-axis create the same hit pattern, which
obtains a constant offset in all layers depending on the track polar angle
θ. Figure from Urban [89] and adapted.

carriers are read out. The knowledge of the field configuration allows to determine
the position of a hit in the rϕ-plane by measuring the drift times of the ionized
charge carriers. As the trajectory of a charged particle in the transverse plane
is circular, tracks can be constructed by combining several hits all lying on a
circle. The left right ambiguity inherent to all drift chambers can be resolved
by combining hits from two neighboring drift cells. The drift chambers are
constructed such, that a stiff track always crosses at least one cell boundary. In
addition a stiff track also crosses at least one sense wire plane. From this crossing
point, where the drift time is minimal, the timing of a track can be determined
with an accuracy ∼ 2 ns, which allows to distinguish tracks originating from
different bunch crossings.

By measuring the total collected charge of a hit Q by reading out both ends of
the signal wires, the z-position of a hit can be determined via charge division:
The further a hit is from one end of a sense wire, the weaker the signal that is
read out at that end. During the reconstruction of a track, the z-information
obtained by this method is combined with the measurements from the COZ for
an improved z-resolution.

The Central Inner Proportional Chamber (CIP)

The Central Inner Proportional Chamber (CIP) [90] is a five layer multiwire
proportional chamber starting at a radial position of r = 15.7 cm and covering
along the z-axis a range from z = −112.7 cm to z = +104.3 cm. Its main purpose is
to provide fast tracking information at the first H1 trigger level (see Section 4.2.3),
i.e., in particular to reconstruct the z-position (z-vertex) of an interaction. The
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4. The H1 Experiment at HERA

CIP is segmented into 16 regions in the transverse plane. Along the z-axis, a total
of 9600 readout pads are arranged in a projective geometry. As illustrated in
Figure 4.2.4, for this geometry the origin of a track on the z-axis can be directly
read off the pad hit pattern in the 5 CIP layers, independent of the track’s polar
angle.
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Figure 4.2.5: Top: Construction of the CIP vertex histogram for the
CIP2000 trigger. Bottom: Example for such a histogram where the
peak from ep collisions (light gray) is superimposed by backgrounds from
collisions of the incoming proton beam with the collimators C5A and C5B
(dark gray). The histogram is only evaluated at the marked CIP2000
trigger range, where light gray bins are considered as signal and dark gray
bins as background. Figure from Urban [89] and adapted.

For the level 1 CIP2000 trigger the z-positions along the beam axis of all tracks
in an event are filled in a z-vertex histogram, as illustrated in Figure 4.2.5.
From the histogram two trigger elements are constructed: the CIP Multiplicity,
corresponding to the total number of entries in the histogram, i.e., the total
number of tracks in the event, and the CIP Significance, corresponding to the
fraction of central entries (signal) to backward entries (background), with the
central and backward region being defined in Figure 4.2.5. With a very good
timing resolution of σ = 7.1 ns, which is well below the 96 ns bunch crossing
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4.2. The H1 Detector

spacing, the CIP also provides timing information that can be used to determine
the correct bunch crossing of an event.

4.2.2 H1 Calorimetry Systems

The Liquid Argon Calorimeter (LAr)

In the forward and central region (4◦ < θ < 153◦) the H1 tracking detectors
are surrounded by a large Liquid Argon Calorimeter (LAr) [91] to measure the
energies of electrons, photons and hadrons. In alternating layers of absorber
material and sensitive liquid Argon, particles penetrating the calorimeter decay
into particle showers and the energy loss via ionization of the low energetic shower
particles is sampled. In the inner (electromagnetic) part of the calorimeter lead,
and in the outer (hadronic) part steel is used as the absorber material. The LAr
is highly segmented into cells, which allows in particular to assign energy clusters
to particle tracks.

The Spaghetti Calorimeter (SpaCal)

In the backward region the LAr is complemented by the Spaghetti Calorimeter
(SpaCal), a lead-scintillating fiber detector read out by photomultiplier tubes
(PMTs). The main purpose of the SpaCal is to detect the scattered electron for
polar angles in the range 153◦ . θ . 177.5◦. The SpaCal is fast enough to be
used as a level 1 electron trigger.

The Plug Calorimeter

Sitting directly around the beam pipe and far from the IP at z = 4.9 m, the Plug
Calorimeter (Plug) covers an angular range of 1.2◦ < θ < 3.2◦ and is in particular
used to measure the scattered proton. It consists of a lead absorber followed by
scintillating layers read out by PMTs. The energy deposited in the Plug can be
used to distinguish proton elastic from proton dissociative events, for which on
average more energy is deposited.

4.2.3 H1 Trigger System

The bunch crossing rate at HERA is 10.4 MHz. The H1 data acquisition system
however only allows to read out data at 50 Hz. The rate at which data is stored
permanently on tape varies between approximately 10−20 Hz. It is thus necessary
to reduce the data by a factor about one million. This is achieved by a four level
filtering system: the H1 Central Trigger (CT).
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Level 1

In the first trigger stage (L1, [92]) event information from various H1 sub-detectors
is processed by custom-made hardware. The event is scanned for interesting
physics, signaled for example by large energy deposits in the calorimeter, muons
in the muon system or tracks in the central tracker. The information is encoded in
256 Trigger Elements (TE) that are logically combined in the Central Trigger Logic
(CTL) to form 128 subtriggers (named s0 . . . s127). An event is triggered if at
least one of the subtriggers fires. However, some subtriggers fire at too high a rate
compared to the significance of the corresponding type of event. Those triggers
are artificially prescaled [93], i.e., a trigger with prescale n is only considered
every nth time it fires. A subtrigger that has the trigger condition fulfilled is then
called a raw subtrigger and only becomes an actual subtrigger if also the prescale
condition is fulfilled.

The L1 stage is operated dead-time free, i.e., data taking continues while the
trigger decision is conceived. This takes 2.3µs corresponding to 24 bunch-crossings
during which the data is temporarily stored in pipelines. To be able to read out
the correct event in case a trigger decision is reached, detector components with a
good timing resolution like the SpaCal or the CIP are used to generate a L1 time
reference t0 that can be used to identify the corresponding bunch-crossing.

Level 2

A positive L1 decision (L1 Keep) triggers the second trigger stage (L2, [94]). Within
a time window of 20µs measurements are repeated with a higher granularity to
verify the L1 trigger decision. While this is ongoing, data taking is interrupted
causing dead-time. Information from various sub-detectors is combined to form 96
trigger elements. If a positive trigger decision is reached a full detector read-out
is initiated. The data rate is reduced to about 100− 200 Hz by the L2 trigger.

Level 3

The read out of the detector takes up to more than 2 ms depending on the size
of the event (∼ 1.3 ms on average). In order to reduce dead time, data that is
available earlier, e.g. FTT information, is used by the third trigger stage (L3 [95])
to validate the L2 decision. If the validation fails, the read-out can be halted
after approximately 100µs. When this happens, or as soon as the read out is
completed the pipelines are cleared and data taking is continued.
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4.3. The Fast Track Trigger

Level 4

The third trigger level provides data at a rate of 50 Hz at which it can be
stored temporarily in a buffer. This allows the fourth trigger stage (L4) to work
independently from and asynchronously to the detector bound first three trigger
levels. L4 is a purely software based trigger running on a computer farm. The H1
reconstruction program (H1Rec) is used to fully assemble the collected data and
build the event. Finders, special algorithms, are employed to search for certain
event characteristics and to classify events into interesting and uninteresting
ones. Uninteresting events, e.g. background events from beam-gas or beam-wall
interactions are discarded. Interesting ones are selected and have their full detector
data stored permanently on Production Output Tapes (POT). For easier access,
reconstructed physics objects like tracks, clusters, etc. are additionally stored
on Data Summary Tapes (DST). To be analyzed by the ROOT [96] based H1oo
analysis software this data is also converted to the C++ [97] object oriented Object
Data Storage (ODS). The event rate after the L4 is at about 10 Hz meaning that
the full trigger system reduces the bunch crossing rate by six orders of magnitude.

4.3 The Fast Track Trigger

CJC1 CJC2

1 2Vertex

Hits

Track

Trigger Layers

. . . . . .

Valid Masks 
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tmax

tmax
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Figure 4.3.1: Working principle of the FTT. During the first trigger
stage hit patterns from the 4 trigger groups are compared to predefined
patterns in the Content Addressable Memory (CAM). This allows to
measure curvature and angular position of the track segments. Figure
from Berger [98] and adapted.

One key component of the H1 trigger system is the Fast Track Trigger [99] based
on information from the two CJCs. Already on the first trigger level it can count
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the number of tracks with transverse momenta down to 100 MeV. This allows
the FTT to trigger events with very low Q2 that do not leave large signals in the
calorimetry system. In particular, photoproduction of light vector mesons falls
into that category.

For the measurement of charge asymmetries in π+π− photoproduction the trigger,
i.e., in particular the FTT, is an important source for systematic effects. In the
second part of this thesis these effects are studied. In the following the working
principle of the FTT is briefly discussed. A detailed description of the FTT is
given for example by Berger [98] and Baird et al. [99].

4.3.1 Working Principle

The FTT is based on information from the Central Jet Chambers. It processes
information from three trigger groups in the inner and a fourth group in the outer
CJC, consisting each of three wires per cell. A schematic view of this setup is
shown in Figure 4.3.1.

The core task of the FTT is to measure track candidates. For this, the analog
signals from the wires in the trigger layers are read out and processed by the
FTTs Front End Modules (FEM). There they are digitized and an analysis of the
sampled charges is used to distinguish hits from noise. The resulting hits are filled
into shift registers with a time resolution of 20 MHz. If all three wires in a cell
have a hit, the hit pattern in the shift register is compared to a set of predefined
masks. These masks have been generated in advance by simulating possible tracks
through the CJC and are stored on Content Addressable Memory (CAM) to
allow for fast access. If a mask matching the hit pattern can be found, the track
segment parameters can be taken from it. Track segments are parametrized by the
curvature κ ∝ 1/pt and the azimuthal angle ϕ of the CJC cell they are measured
in. There are 16 possible κ values corresponding to 8 momentum thresholds as
listed in Table 4.3.1 and the charge of the track. The granularity in ϕ is given by
the size of the CJC1 cells, i.e., there are 30 possible values.

For each identified track segment the κ and ϕ value are stored in a histogram. These
histograms are then used by the FTT’s L1 Linker to identify track candidates.
For identification the histograms are first smeared such that each ϕ column is
doubled, resulting in a total number of 60 possible ϕ-values. Bins containing a
track segment get a weight of 3 and their neighboring bins along κ get a weight of
1. A Hough-transform is performed to map the ϕ values of all trigger groups onto
the ϕ value of the third group ϕ̃ ≡ ϕ(r3 = 22 cm) as illustrated in Figure 4.3.2.
The histograms from all layers are then added. Among those bins that exceed a
threshold weight of 4, i.e., there are compatible track segments in at least two
trigger layers, local maxima are searched. These give the track candidates. To
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Figure 4.3.2: Illustration of the Hough-transform performed by the L1
Linker. a) Track segment parameters for the 4 trigger groups in a schematic
κ-ϕ-plane, where ϕ corresponds to the position of the CJC cell the track
segment lies in. b) Histograms are shown after smearing, i.e., duplicating
each ϕ column. In a Hough-transform, which also takes into account the
cell tilt, the track parameters are shifted so that in each histogram ϕ
corresponds to the angle ϕ̃ ≡ ϕ(r3) measured in the third trigger group.
c) Track segments with compatible parameters sit in the same place in
the transformed κ-ϕ̃-plane. Figure from Berger [98].
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Figure 4.3.3: Working principle of the L1 Linker algorithm. a) Track
segment parameters in the four trigger layers after the performing the
Hough-transform. The numbers represent weights given to the bins.
b) The histograms are added for the linking. Bins that exceed the linking
threshold of 4 are shaded. A track candidate is given by the bin with the
maximum weight, marked by a red circle. Figure from Berger [98].
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Table 4.3.1: FTT L1 momentum thresholds. The number of tracks ex-
ceeding a selection of these thresholds is encoded in L1 trigger elements.
As only a limited number of bits is available for each element, the highest
bit state, i.e., 7 (3), indicates 7 (3) or more tracks.

κ bins pt [GeV ] 1/pt[ GeV−1] trigger element nmax

0, 15 0.100 10.00 FTT_mul_Ta 7
1, 14 0.125 8.00 − 3
2, 13 0.160 6.25 FTT_mul_Tb 3
3, 12 0.250 4.00 − 3
4, 11 0.400 2.50 FTT_mul_Tc 3
5, 10 0.600 1.66 − 3
6, 9 0.900 1.11 FTT_mul_Td 3
7, 8 1.800 0.55 FTT_mul_Te 3

avoid double counting of tracks, bins adjacent to a local maximum are vetoed.
See also Figure 4.3.3.

FTT Level 1

Track reconstruction in the FTT happens within the 2.3µs time window of the
H1 L1 trigger. Most time is needed waiting for distant charges with long drift
times, while the actual track finding algorithm is much faster. From the track
information 16 L1 trigger bits are generated. Those provide information on track
multiplicities for various momentum thresholds as defined in Table 4.3.1, on the
summed charge of all tracks (provided by the sign of κ) and on the topological
structure of the event. To analyze the event topology the r-ϕ-plane is divided into
10 sectors and the trigger bits indicate the configuration of sectors that observed
a track.

FTT Level 2

The much larger time window for the L2 trigger allows to reconstruct tracks
with a finer histogram binning of 40 × 640 bins in κ-ϕ̃-plane. In addition, the
z-position of a track is determined by charge division. This allows to obtain the
full, 3D track information for up to 48 tracks. The resolution obtained for the
track parameters is comparable to that obtained in the offline reconstruction. In
particular, the 3D tracks can be used to calculate more complex event variables,
such as invariant masses, to be used for the trigger decision.
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FTT Level 3

In the third trigger level the high resolution L2 FTT tracks are combined with
information from other sub-detectors to perform a partial event reconstruction.
Special finders search for well known physics processes that can have final states
with more than two tracks, i.e., D∗ → Kππ

4.3.2 Track Assignment

To be able to measure the single track FTT efficiency, i.e., the efficiency with which
the FTT observes a real track, it is necessary to associate the tracks measured by
the FTT to the fully reconstructed tracks. For this a track assignment algorithm
has been implemented and is described here. First, it should be noted, that it is
not sufficient to simply count tracks because the FTT can see ghost tracks that
are not really there (see also Chapter 7). To avoid assigning such an FTT ghost
to a reconstructed track only tracks that are compatible with each other should
be considered for an assignment.

There are several possibilities to quantify a compatible tracks; here, a metric is
defined as follows. For the reconstructed tracks the track parameters used by the
FTT, i.e., the inverse transverse momentum 1/pt and the geometrical angular
position ϕ̃ of the track at a radius of r = 22 cm, are calculated.2 In the 1/pt-ϕ̃
parameter space the “distance” between a reconstructed and an FTT track can
then be defined via

∆rec, FTT =

√(
1/ptrec − 1/ptFTT

σ1/pt

)2

+

(
ϕ̃rec − ϕ̃FTT

σϕ̃

)2

, (4.3.1)

where σϕ̃ and σ1/pt are the resolution of the FTT in ϕ̃ and 1/pt, respectively.
However, the resolution in 1/pt strongly depends on pt, which is reflected roughly
in the FTT pt threshold separation as listed in Table 4.3.1. These thresholds
define a binning in 1/pt

[−10.0, −8.00, −6.00, −4.00, −2.50, −1.66, −1.10, −0.55, 0.0,

0.55, 1.10, 1.66, 2.50, 4.00, 6.00, 8.00, 10.0]
, (4.3.2)

where the inverse transverse momenta of the FTT tracks are always set to the
central value. To account for the discretization inf the FTT system, also for the

2It does not make sense to do it the other way around and calculate pt and ϕ at the vertex
for the FTT tracks because of the significantly worse resolution of the L1 FTT parameters
compared to the full reconstruction.
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reconstructed tracks binned 1/pt values are calculated. Using in addition the 60
equidistant ϕ̃ bins a “bin distance” can be defined:

∆bin
rec, FTT =

√(
i1/pt,rec − i1/pt,FTT

σi,1/pt

)2

+

(
iϕ̃,rec − iϕ̃,FTT

σi,ϕ̃

)2

. (4.3.3)

Here, i1/pt and iϕ̃ are the bin numbers in 1/pt and ϕ̃ of the reconstructed and
the FTT track and σi,ϕ̃ ' 0.6 and σi,1/pt ' 0.8 are the bin resolutions. They are
determined from the widths of the distributions of the bin differences of assigned
tracks; see Figure 4.3.4.
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Figure 4.3.4: FTT resolution in 1/pt (left) and ϕ̃ (right), direct (top)
and binned (bottom) as measured in the DIS ρ0 → π+π− data sample
introduced in Chapter 6 and the corresponding MC sample introduced in
Chapter 5. The structures in ∆1/pt are a consequence of the discretization
of the FTT 1/pt values.
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Figure 4.3.5: Example of a pseudo-event in the 1/pt-ϕ̃-plane (for simplicity
only 30 ϕ̃ bins are shown) containing reconstructed and FTT tracks. The
ellipses around the reconstructed tracks show the compatibility region.
FTT tracks outside of this region are not allowed to be assigned. The
red points mark the assignments obtained by using the metric defined
in Equation (4.3.1) and by simultaneously maximizing the number of
assignments and minimizing the sum of distances between assigned tracks.

Reconstructed and FTT tracks are considered compatible if

∆bin
rec, FTT ≤ 5. (4.3.4)

In the general case a reconstructed track can have more than one compatible FTT
track and one FTT track can be compatible with more than one reconstructed
track. So the track matching is still not trivial and has to happen for all tracks
in an event simultaneously. This is guided by two principles: First, the number
of assigned tracks should be maximal. Second, the sum of distances between
assigned tracks should be minimal. To achieve such an assignment an algorithm in
the spirit of the Hungarian Method [100] was implemented.3 The steps performed
by the algorithm are summarized in Appendix A where also a small example is
given. A graphic example for the assignment of FTT to reconstructed tracks is
also shown in Figure 4.3.5.

3The implementation of the Hungarian Method in C++ was inspired by the Munkres python
module: software.clapper.org/munkres/.
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5 Monte Carlo Modeling and
Reconstruction of Kinematic
Variables

5.1 Monte Carlo Modeling

Particle detectors are lenses through which the microcosmos of high energy particle
interactions can be observed. But they are incredibly complicated machines and
what is seen through them is but a washed out image of what has truly happened
in the interactions. The actual signals produced by a particle in the detector
strongly depend on the detailed detector geometry, on the amount and position of
dead material, on dead channels, and on many more fine details. In order to be
able to separate true physics phenomena in the interactions from mere detector
effects, these details need to be understood.
A powerful tool to help understand detector effects is computer simulation of
processes to be studied and how they would be observed with the detector at
hand. A full simulation thus typically contains three steps:

• Event Generation:
Events for the physics process to be studied are generated according to
a given model, i.e., four vectors of the stable final state particles are cre-
ated by randomly sampling the model distributions. For this analysis the
DiffVM [101] generator for the diffractive production of vector mesons is
used.

• Simulation:
The detector is modeled and the passage of the particles obtained from
the event generator through the detector is simulated together with the
detector response to them. The simulation software used for H1 is H1SIM,
which in turn heavily relies on the GEANT [102] software package describing
interactions of particles with material.

• Reconstruction:
The output of the detector simulation is processed by the same reconstruction
software that is also used to reconstruct true data: H1Rec. In addition
information about the true underlying event is stored.
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5.1. Monte Carlo Modeling

A good simulation of course requires good models for the first and second step.
The evaluation of these models typically relies on random number sampling, i.e.,
so called Monte Carlo methods. That’s why in the following simulated data
samples are referred to as Monte Carlo (MC) samples.

5.1.1 The DiffVM Generator

For the analysis at hand MC samples of events generated by the DiffVM event
generator [101] are used. DiffVM simulates the diffractive production of various
vector mesons in ep scattering within the framework of Regge theory and the
Vector Dominance Model. It allows simulating both proton elastic and proton
dissociative scattering events. The main steps in the generation of an event shall
be briefly discussed.

Weizsäcker-Williams Approximation

In the first step, the incoming electron is assumed to generate a virtual photon γ∗.
This allows to treat diffractive electron-proton scattering in terms of diffractive
photon-proton scattering. Given the flux Fγ∗ of photons emitted by the electron,
the ep cross section σep is related to the γ∗p σγ∗p cross section in the following
way:

d2σep
dydQ2

= FTγ∗(y,Q2)σTγ∗p(Wγp, Q
2) + FLγ∗(y,Q2)σLγ∗p(Wγp, Q

2). (5.1.1)

In particular, it is considered explicitly that virtual photons can be transversely
(superscript T ) and longitudinally polarized (superscript L) with different respec-
tive cross sections and flux factors. y, Q2, and Wγp are the inelasticity, photon
virtuality and photon-proton center of mass energy, as defined in Section 2.4.1.

The longitudinal and transverse flux factors are obtained from the Weizsäcker-
Williams Approximation (WWA) [103–106]

FTγ∗ =
αem
2π

1

yQ2

(
1 + (1− y)2 − 2m2

e

y2

Q2

)
(5.1.2)

FTγ∗ =
αem
π

1

yQ2
(1− y2). (5.1.3)

From Photons to Vector Mesons

In the spirit of vector dominance models, the (hadronic) photon is interpreted as a
superposition of vector mesons and the photon-proton cross sections are expressed
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5. MC Modeling & Event Reconstruction

in terms of vector-meson-proton cross sections. For the exclusive production of
one type of vector meson (VM), the production cross section for transversely
polarized vector mesons in DiffVM has the phenomenological Q2 dependence

σTγ∗p(Q
2) = σVM

γp

(
1

1 + Q2,
Λ2

)l

(5.1.4)

and is assumed not to depend on Wγp. σVM
γp is the photoproduction cross section

(Q2 = 0 GeV2) that needs to be measured and put into DiffVM as a normalization
factor, the exponent l is a purely phenomenological parameter and Λ is typically
set to the vector meson’s mass mVM.

For longitudinally polarized vector mesons, the cross section is of form

σLγ∗p(Q
2) = R(Q2)σTγ∗p(Q

2) =
ξQ

2

Λ2

1 + χξQ
2

Λ2

σTγ∗p(Q
2), (5.1.5)

where the function R(Q2) is again purely phenomenological and the parame-
ters ξ and χ need to be specified. R(Q2) is in particular chosen such, that
σLγ∗p(Q

2)→ 0µb in the photoproduction limit Q2 → 0 GeV2 of purely transversely
polarized, real photons.

Pomeron Exchange

The vector-meson-proton scattering is described in terms of pomeron exchange,
with the pomeron trajectory being parameterized by

αP(t) = αP(0) + α′Pt = 1 + ε+ α′Pt. (5.1.6)

The differential cross section with respect to the squared proton momentum
transfer t is then given by:

dσ
dt

=
dσ
dt

∣∣∣∣
t=0,Wγp=W0

e−b|t|
(
Wγp

W0

)4ε

(5.1.7)

with

b(Wγp) = b(W0) + 4α′P ln

(
Wγp

W0

)
. (5.1.8)

Again, W0, b(W0), σ(W0) =
∫ tmax
tmin

dσ
dt dt ≡ σVM

γp , ε and α′P need to be specified by
the user.

By the interaction with the proton the to this point virtual vector meson is
pushed on its mass shell. Its mass is generated following a non-relativistic Breit-
Wigner [78] function with mean mVM and width ΓVM.
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5.1. Monte Carlo Modeling

Table 5.1.1: DiffVM parameter settings for exclusive ρ0 → π+π− produc-
tion. Parameters tagged gen are changed in the reweight procedure.

σργp l Λ ξ χ ε gen α′ gen W0 b gen

[µb] [ GeV] [ GeV−2] [ GeV] [ GeV−2]

p-elastic 13.8 2.4 mρ 0.42 0.3 0.0808 0.0 90 5
p-dissoc. 13.8 2.4 mρ 0.42 0.3 0.0808 0.0 90 2

Proton Dissociation

Finally, DiffVM also allows for a diffractive dissociation of the proton in the final
state. The mass spectrum of the proton remnants Y is modeled according to

dσ
dM2

Y

∝ f(M2
Y )

M
2(1+ε)
Y

, (5.1.9)

where the function f(M2
Y ) is obtained as follows: For masses below M2

Y =
3.6 GeV2 a fit to the measured differential cross section for diffractive proton
dissociative scattering off a deuterium target, pD → Y D [107, 108] is used. In
particular, several N∗+ resonances (N(1440), N(1520), N(1680), and N(1700))
observed there are included. Depending on the mass of the dissociated system
it is assumed to be either of them and the decay is modeled along the lines of
the according measured branching ratios [17]. In the continuum region, i.e., for
massesM2

Y & 3.6 GeV2, f(M2
Y ) is set to one and the proton is modeled as a quark-

diquark system. The quark is assumed to be knocked free in the scattering and
the following hadronization is modeled using Lund fragmentation as implemented
in JETSET [109].

5.1.2 MC Data Samples

Several MC samples are used in the following analyses and shall be introduced
here.

DIS ρ0 → π+π− Sample

In Chapter 7 the Fast Track Trigger is studied using a data sample of real H1
e p → e ρ0(π+π−) p events in the deep inelastic regime. To validate the studies, a
corresponding MC sample is simulated. This sample contains both proton-elastic
and dissociative ρ0 → π+π− events generated with DiffVM. The chosen DiffVM
parameters are listed in Table 5.1.1. The parameters l, Λ, ξ, and χ are set
according to [18]. The normalization, i.e., σργp, as well as ε, α′, and b gen are
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5. MC Modeling & Event Reconstruction

only rough estimates and the kinematic distributions of the DiffVM sample are
later reweighted to describe the data distributions. The reweighting procedure is
discussed below.

Reweighting in mπ+π−

In DiffVM the differential cross section as a function of the invariant dipion mass
mπ+π− follows a non-relativistic Breit-Wigner parametrization.

BWnr(mπ+π−) =
0.25Γ2

ρ,0

(mπ+π− −mρ)2 + 0.25Γ2
ρ,0

(5.1.10)

The measured shape of the ρ0 mass peak, on the other hand, has the shape of a
skewed relativistic Breit-Wigner [40], which can be described by the parametriza-
tion of Ross and Stodolsky [110]:

BWRS(n;mπ+π−) =
mρmπ+π−Γρ

(m2
ρ −m2

π+π−)2 + (mρΓρ)2
·
(

mρ

mπ+π−

)n
. (5.1.11)

To better match the measured data sample, the MC DIS sample is reweighted
in the generated π+π− mass to this shape. In agreement with [40] a skewing
parameter n = 1.5 is chosen, which seems to describe the data in the considered
phase-space best. The mass dependent weight is defined as follows:

w(mπ+π−) =
BWRS(n;mπ+π−)/

∫ mhigh
mlow

BWRS(n = 0;m)dm
BWnr(mπ+π−)/

∫ mhigh
mlow

BWnr(m)dm
. (5.1.12)

Figure 5.1.1 (left) shows the mass distribution of the DiffVM sample before and
after reweighting compared to the measured data.

Reweighting in Wγp and t

For the generation of the MC samples the parameters defining the t and Wγp

dependence of the cross section are only set to rough estimates. In order to bring
data and MC into better agreement, the MC samples are reweighted in t and
Wγp with slightly modified parameters as specified in Table 5.1.2. The parameters
are tuned in agreement with measurements by the H1 Collaboration [40]. The
applied weight is given by:

w(Wγp, t) =
eb0t · b0 ·

(
Wγp

W0

)4(ε+α′t)

eb
gen
0 t · bgen0 ·

(
Wγp

W0

)4(εgen+α′ gent)
. (5.1.13)

The t distribution before and after reweighting is shown in Figure 5.1.1 (right).
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Figure 5.1.1: mπ+π− (left) and t distribution (right) for DIS ρ → π+π−

events in data and the combined elastic and proton dissociative MC
sample before and after reweighting (continuous). Events are selected as
described in Chapter 6. In addition the mπ+π− distribution is only shown
for events with t > −0.2 GeV2 and the t distribution for events in the
range 625 MeV < mπ+π− < 925 MeV to exclude irreducible background
(see also Chapter 6).

Table 5.1.2: Parameter settings for reweighting the MC input distributions
in mπ+π− , Wγp and t

proton elastic (dissociative)
parameter adjusted generated

mπ+π− n0 1.5 -
ε 0.08 0.0808

Wγp and t α′ [ GeV−2] 0.15 0
b0 [ GeV−2] 6.9 (1.5) 5 (2)

Normalization

The measured data sample contains contributions from both proton elastic as well
as proton dissociative events (and additionally from various small background
contributions which were, however, not simulated for this thesis). Unfortunately,
in the considered phasespace the cross sections for the two processes are not
known. In order to obtain the right normalizations the combined MC sample is
fitted to the measured data via a template fit.

One possible way to distinguish the proton elastic from the dissociative events is
by looking at the energy deposit in the forward region of the calorimeter, i.e., in
the forward region of the LAr or the plug calorimeter. The distributions of those
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5. MC Modeling & Event Reconstruction

energy deposits are shown in Figure 5.1.2. A template fit of the form

Ndata(E) = A · (f ·Nelas(E) + (1− f) ·Npdis(E)) , (5.1.14)

where N(E) is the number of events in a given energy bin, A a normalization and f
the fraction of elastic events, is performed to determine the correct normalizations
for the two MCs. The obtained fit values are listed in Table 5.1.3.
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Figure 5.1.2: Energy deposit in the forward region of the LAr calorimeter
(θ < 10◦, left) and in the plug (right) in the DIS sample (see Chapter 6).
The normalization of the elastic and proton dissociative MC sample is
determined by a template fit to the data distributions such that the
combined sample describes the data best.

Table 5.1.3: Scaling factors for the elastic and proton dissociative MC
obtained from a template fit to the distribution of the energy in the
forward region of the LAr and the plug calorimeter. The combined value
is the average, the uncertainty is estimated to be half the difference of
the two obtained values.

E10,LAr Eplug combined uncertainty
A 0.108 0.106 0.107 0.001
f 0.917 0.782 0.850 0.067

The averages of the values obtained from fitting the plug and the LAr energy
distributions are used in the following to normalize the MC sample. An uncertainty
on the combined values is estimated by half the differences between the two values.
In all MC plots, in particular those shown in Chapter 6 and Chapter 7, the
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5.2. Reconstruction of Kinematic Variables

uncertainty from the normalization is included as a systematic uncertainty and
added quadratically to the (mostly negligible) statistical uncertainty.

Photoproduction ρ0 → π+π− Sample

To be able to extrapolate the results obtained in the DIS regime to the photopro-
duction regime, a photoproduction ρ0 → π+π− MC sample is used in Chapter 8. It
contains elastic and proton dissociated events generated by DiffVM. The generator
settings are chosen equivalently to the DIS settings as listed in Table 5.1.1. The
reweighting procedure for the photoproduction sample in principle follows the
steps described previously. However, in photoproduction the skewing of the ρ0

mass peak is stronger and additionally the t-dependence of the differential cross
section is more complex than a simple exponential. The reweighting is performed
following the prescription of Weber [18, Chapter 3] using the weight formulae and
parameters given there. Equivalently to the DIS sample, the normalization of the
DiffVM photoproduction sample is obtained by fitting the forward LAr and Plug
energy distributions.

Single Track MC

Single track samples of pions and muons are generated and the passage of the
particles through the detector is simulated. The generated distributions are flat
in track momentum p, azimuthal angle ϕ, and polar angle θ. These samples are
used to study detector effects on isolated tracks without the influence of other
tracks in an event.

5.2 Reconstruction of Kinematic Variables

The kinematic of the full 2→ 4 scattering process e p → e π+π− p is described by
a total of 6 four momenta, corresponding to 6 · 4 = 24 free parameters. With the
initial e p state fixed - which strictly speaking is not the case because of variations
in the beam conditions and initial state radiation - and energy and momentum
conservation taken into account a total of 12 degrees of freedom remain. For
proton elastic scattering, where all masses of the final state particles are known,
this number reduces to 8 while for proton dissociative scattering the unknown
invariant mass of the proton fragment gives an additional 9th parameter.

This section deals with the questions, what variables can be measured with the H1
detector, with the goal of reconstructing 8 (reconstructing the mass of the proton
remnant in proton-dissociation is not considered) independent parameters and
thus the full event. Here, a distinction between deep inelastic scattering events,
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Figure 5.2.1: Resolution of the π+ track quantities pt, ϕ, and θ as measured
in the elastic DIS ρ0 → π+π− DiffVM MC.

where the scattered electron is measured, and photoproduction events, where it is
not, needs to be made.

Of particular interest is the question how well a given variable X can be measured.
This can be studied with MC simulated events, where the reconstructed value Xrec

can be compared to its originally generated counterpart Xgen. In the following,
resolution plots obtained from the elastic ρ0 DIS sample are shown for discussed
variables, i.e., distributions of the form

∆X =
Xgen −Xrec

Xgen

. (5.2.1)

5.2.1 Track Parameters

The two pion candidate tracks are measured by the H1 tracking system, which
determines the (transverse) track momentum and directional information. In
Figure 5.2.1 the pt, ϕ, and θ resolutions are shown for positive tracks. As they do
not depend on the charge of the track at the given level of detail, similar plots for
the negative tracks are omitted here.

In DIS events, additional information comes from the scattered electron which can
be observed in the SpaCal. Given its high momentum, the directional information
of the electron track can be determined from the cluster position. The energy of
the scattered electron can either be taken from the SpaCal cluster size directly, or
by exploiting energy-momentum conservation and the available information from
the pion tracks. The latter provides a better resolution for the electron energy,
which can be calculated via [111]

e′E =
2eE − kE + kz

1− cos(θe′)
, (5.2.2)

where all involved quantities are defined in Section 2.4.1. The resolutions for e′E,
ϕe′ and θe′ , respectively, are shown in Figure 5.2.2.
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Figure 5.2.2: Resolution of the scattered electron quantities E, ϕ, and θ
as measured in the elastic DIS ρ0 → π+π− DiffVM MC. The structure in
θ is due to edge effects at low scattering angles, where the electron shower
is not fully contained in the SpaCal. This is responsible for the tail in the
E resolution, as well.
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Figure 5.2.3: Respective mπ+π− and Q2 resolutions as measured in the
elastic DIS ρ0 → π+π− DiffVM MC.

5.2.2 Event Variables

DIS

In DIS events two pion and the electron four-momenta fully determine the event
kinematics. In principle, all other kinematic variables can be calculated from
them. What is used in this thesis are in particular the invariant mass of the π+π−

system mπ+π− , the photon virtuality Q2, the photon-proton center of mass energy
Wγp, and the squared proton momentum transfer t. The first three can be directly
calculated via

mπ+π− =

√
(k1 + k2)2, (5.2.3)

Q2 = −(e− e′)2 = 4eEe
′
E cos2

(
θe′

2

)
, (5.2.4)

W 2
γp = (p+ e− e′)2. (5.2.5)
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Figure 5.2.4: Respective t and Wγp resolutions as measured in the elastic
DIS ρ0 → π+π− DiffVM MC.

For the proton momentum transfer, on the other hand, an indirect approach is
necessary, as the scattered proton is not measured. It can be calculated via [111]

t = (p− p′)2 ' −(kt + e′t)
2. (5.2.6)

For all four variables, the respective DIS resolutions are shown in Figure 5.2.3
and Figure 5.2.4.

Photoproduction
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Figure 5.2.5: Wγp and t resolution as measured in the elastic photopro-
duction ρ0 → π+π− DiffVM MC.

In the experimental context of the H1 detector, photoproduction events are per
definition those, where the scattered electron is not observed. This includes events
with Q2 up to 5 GeV2. As only the pion track information is available the event
cannot be fully reconstructed. Among the variables used here, in particular Wγp

and t cannot be calculated using Equation (5.2.5) and Equation (5.2.6) anymore.
Instead approximations have to be used. The underlying assumption is that if
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the electron is not observed, then Q2 ' 0 GeV2. Wγp and t can then be estimated
by [18]

Wγp ' 2(kE − kz), (5.2.7)
t ' −k2

T . (5.2.8)

The corresponding resolutions are shown if Figure 5.2.5.
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6 DIS ρ0→ π+π− Data Sample

The aim of the second part of this thesis is to study the properties of the Fast
Track Trigger for triggering dipion photoproduction events (see Chapter 7). For
this an unbiased reference sample triggered without relying on FTT information is
needed. Also, it should have a similar event topology to dipion photoproduction,
i.e., it should consist of events with nothing but two low momentum, oppositely
charged pion tracks in the central tracker. The best choice for such a sample are
ρ0 events decaying into a π+π− final state1 in the kinematic regime of DIS. In
such events the electron is strongly deflected and for Q2 & 2.5 GeV lies in the
acceptance of the SpaCal. Consequently, these events can be triggered by purely
SpaCal-based subtriggers.

Kinematically, ρ0 production in DIS is similar to ρ0 photoproduction as long as Q2

stays reasonably small. The main difference then is in the transverse momentum
of the vector meson, i.e., the π+π− system. In photoproduction it is of the order
pt ∼

√−t ' 0 GeV while in DIS it is of the order of pt ∼
√
Q2 & 0 GeV.

In this section, the selection criteria for the used DIS ρ0 → π+π− data sample are
documented.

6.1 Run Selection and Triggers

The sample is collected from data taken during the 2006/2007 HERA run period.
Only runs at high proton energy (920 GeV) and with a colliding positron beam
are considered. This corresponds to run numbers in the range 468531-500611.
Additionally each of the individual runs needs to satisfy some quality criteria.
Namely, it is required that the following sub-detectors were powered and active
during the run:

CJC, CIP, FPS, FTT, LAr, SpaCal, TOF, LUMI, VETO,

and that the z-position of the primary vertex is within 35 cm of the nominal
interaction point.

1The distinction between inclusive π+π− production and resonant ρ0 production is made here,
because on the part of the MC sample used for comparison (see Chapter 5) only ρ0 events are
simulated. For the data sample this requires in particular an upper limit for the considered
invariant π+π− mass range, such that ρ0 events dominate the sample.
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6.2. Event Selection

Table 6.1.1: Subtriggers used for the data sample and their respective
prescales.

subtrigger s0 s1 s2
average prescale 5.3 24.8 1.3

Events have to be triggered by one of the SpaCal-based L1 subtriggers s0, s1,
or s2. They are defined as follows

s0: SPCLe_IET>1 v:3 f:0 z:0 L2[22]

s1: SPCLe_IET>2 || SPCLe_IET_Cen_3 v:3 f:0 z:1

s2: SPCLe_IET>2 v:3 f:0 z:1 L2[22],

where the trigger elements have the following meanings (|| and && are the logical
or and and operators):

SPCLe_IET: Two-bit inclusive electron trigger element: The three
possible values indicate whether a cluster in one of 5× 5
designated SpaCal regions exceeds the low (2.1 GeV),
medium (6.0 GeV), or high (9.0 GeV) energy threshold.

SPCLe_IET_Cen_3: Active if the energy deposited in the central IET region
exceeds the high threshold.

v:3, f:0, z:0, z:1: Various H1 standard vetoes against background, e.g. due
to beam-gas interactions.

L2[22]: L2-veto on clusters with a radial position smaller than
20 cm.

All three subtriggers are prescaled, i.e., only a fraction of the events satisfying
the trigger criteria are actually considered. The average prescales for the run
period at hand are documented in Table 6.1.1. To combine events correctly
into a consistent data sample, they are reweighted according to the prescales
factors under consideration of trigger overlaps. The reweighting procedure follows
the prescription by Egli et al. [112]; an example can be found in Sauter’s PhD
thesis [113, Appendix E].

6.2 Event Selection

From the inclusive sample of SpaCal triggered DIS events, e p → e ρ0(π+π−) p
events are to be isolated. The event topology is thus very simple: In addition to
the scattered electron cluster in the SpaCal, there should be precisely two low
momentum tracks of opposite charge in the central tracker. In Figure 6.2.1 an
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Figure 6.2.1: H1 event display for a selected DIS event. The two pion
candidates in red and green are seen by the central tracker and leave a
small signal in the LAr calorimeter. The scattered electron in magenta
leaves hits in the BST and deposits all of its energy in the electromagnetic
SpaCal.

H1 event display with such a topology is shown. Events that do not satisfy these
criteria can be immediately discarded. To suppress backgrounds with the same
topology, various selection cuts are implemented.

Track Multiplicity and Quality

To obtain two pion candidates, only events with precisely two tracks of opposite
charge are considered; a third track is allowed only if it is associated to the scattered
electron. The pion candidate tracks have to be primary vertex fitted central tracks
reconstructed from hits in the central tracker. In particular, events with additional
non-vertex fitted tracks from background processes such as beam-gas interactions
or cosmic particles, are discarded.

The two pion tracks have to satisfy additional standard H1 track quality require-
ments:

• They need to be within the acceptance region of the CJC defined by:

pt > 200 MeV and 20◦ < θ < 160◦. (6.2.1)

• The radial track length of the reconstructed tracks in the CJC must not be
smaller than 10 cm.

• The distance of closest approach to the primary vertex dca should not exceed
10 mm in the transverse plane.
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Vertex Constraints
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Figure 6.2.2: Z-vertex distribution. Events inside of the shaded area are
excluded in order to suppress background from beam restgas interactions.

Events are required to have a z-position zvtx of the reconstructed primary vertex
within 25 cm of the nominal interaction point. This cut is supposed to suppress
events originating from interactions between either of the beams and the rest
gas atoms in the beampipe or the beampipe itself. While the z-vertices of such
events are spread constantly along the beam axis, signal events from beam-beam
interactions create a gaussian shaped z-vertex distribution with a width of about
8 cm. See also Figure 6.2.2. The fraction of such beam-gas interaction events
can be estimated from fitting the z-vertex distribution with a gaussian plus an
additional constant offset. Within the signal region it is fitted to be less than 2%.

Scattered Electron

In addition to the electron criteria imposed by the subtriggers, further measures
are taken to ensure that the SpaCal signal comes indeed from the scattered
electron. The SpaCal must not contain more than a single, isolated energy cluster
with an energy above 17 GeV. Furthermore, events in selected regions of the
SpaCal are excluded by fiducial cuts, following the prescription by Jung [114].
These selected regions are either inefficient or dead SpaCal cells or hot cells that
were not implemented for the trigger. Also cells at a radial position of less than
12 cm are excluded to avoid edge effects: If the electromagnetic shower is not
completely contained in the SpaCal, this leads to a false reconstruction of the
scattered electron.

For small scattering angles, i.e., large polar angles θe′ . 170◦, the electron starts
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Figure 6.2.3: CIP multiplicity as a function of the electron track radius
Re′,CT at the central tracker edge zCT = −115 cm. The shaded area,
starting at the inner radius of the CIP at 15 cm, marks the region that is
excluded to avoid electrons in the central tracker.

penetrating the central tracker. Such events which have an additional track in the
CJC are not wanted, if the FTT is to be studied under π+π− photoproduction
conditions. However, a simple cut on θe′ is not a good way to avoid them because of
the large variation in the primary vertex position. To correct for this variation the
geometrical radial position Re′,CT of the electron track at the edge of the central
tracker along the z-axis is calculated. The central tracker ends at zCT = −115 cm
so that Re′,CT is given by

Re′,CT = − tan(θe′)(zvtx − zCT ). (6.2.2)

Figure 6.2.3 shows the average CIP multiplicity per event as a function of Re′,CT .
Since the CIP is the innermost part of the central tracker, with a radius of 15 cm
the rise in the multiplicity starting at Re′,CT ∼ 15 cm indicates that the scattered
electron traverses the central tracker. To avoid this, events with Re′,CT > 15 cm
are rejected.

Unassociated Energy

Background processes with additional neutral particles in the final state (e.g.
ω → π+π−π0 [17]) cannot be rejected by track multiplicity constraints. However,
the neutral particles can leave a signal in the calorimeter. To suppress such
events, it is required that there is no unassociated energy cluster above a noise
level of 400 MeV in the LAr calorimeter. A cluster is associated to one of the
pion candidates, if it is within a cylinder of a radius of 30 cm, centered at the
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Figure 6.2.4: Total energy of all unassociated clusters above noise in the
region θ > 10◦ in the LAr calorimeter. Events that exceed this energy are
excluded, as indicated by the shaded area.

position where the track trajectory enters the calorimeter and parallel to the track
momentum at that position.

Also, clusters at angles θ < 10◦ are not counted. This region is prone to be hit by
the proton remnants in proton dissociative events and the deposited energy can
later be used to estimate the contribution from proton dissociative events. See
Section 5.1.2. The distribution of the summed unassociated energy in the LAr is
shown in Figure 6.2.4.

Particle Identification

The energy loss via ionization in the central tracker is measured for every track
and can be used for particle identification. The specific energy loss per path length,
dE/dx, as described by the Bethe-Bloch formula, depends on a particle’s velocity
β [17]. For a given momentum it can thus be used to determine a particle’s mass,
i.e., the species the particle belongs to:

m = p
√

1/β2 − 1. (6.2.3)

However, this works well only for low momentum particles because of two reasons:

i) At small velocities dE/dx ∼ 1/β2. So at a given momentum even a small
mass difference, which induces a small difference in velocity, gives rise to a
large difference in the energy loss. At high velocities, on the other hand, the
β-dependence is logarithmic such that the specific energy losses get similar
for particles with different masses.
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ii) At the same time, the difference in velocity between particles with different
masses but having the same momentum is quite substantial at low momenta,
but becomes more and more negligible at higher momenta.

In Figure 6.2.5 the measured dE/dx values are plotted versus the particle momen-
tum for all tracks still considered at this point.
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Figure 6.2.5: Scatter plot of the measured energy loss dE/dx versus track
momentum for the selected tracks under the assumption that they are
pions. The corresponding pion likelihood is encoded in the color of each
point. The lines depict the dE/dx cuts described in Table 6.2.1.

To implement a dE/dx cut, a likelihood LdE/dx(X) to obtain the measured dE/dx
from a particle of species X is calculated for each track assuming various particle
hypotheses. Events are then rejected or accepted depending on that likelihood
value according to the limits defined in Table 6.2.1.

Table 6.2.1: Cuts on the dE/dx-likelihood for the various particle species
and the momentum ranges they are applied in.

particle type X pion kaon proton deuteron
LdE/dx(X) requirement > 10−3 < 0.1 < 0.1 < 0.1

valid p range [GeV ] - 0.0 - 0.5 0.0 - 1.0 0.0 - 2.0
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Additional Cuts

Some additional selection cuts are applied specifically reduce the following kinds
of background:

• ϕ mesons: If the kaons from the decay ϕ → K+K− are misidentified as
pions, the invariant mass of the system is shifted from the region around
mϕ = 1020 MeV towards mπ+π− & 280 MeV. This can lead to a significant
background to ρ0 production below the peak-mass mρ = 775 MeV. To
suppress such events, the two selected pion candidates are reconstructed
under a kaon hypothesis. If then the dE/dx-likelihood exceeds 1% for both
tracks, i.e., LdE/dx(K) > 0.01, and the invariant K+K− candidates’ mass
lies within 15 MeV of the ϕ-mass, the event is rejected.

• K0 mesons: Events containing a K0-decay found by the H1 K0 finder [115]
algorithm are rejected.

• Cosmic muons: Events due to a cosmic muon traversing the detector are
rejected following the prescription by Huber [116, Section 6.6.2].

A summary of the selection cuts is given in Appendix B in Table B.1.

6.3 Kinematic Distributions

The data sample obtained from the described selection contains 17284 events.
As a means of verifying that it is indeed a good e p → e ρ0(π+π−) p sample, the
kinematic distributions can be compared to MC expectations. As a reference
MC the combined proton elastic and dissociative DIS ρ0 sample described in
Section 5.1.2 is used, which underwent the same selection steps as the data sample.

Table 6.3.1: Cuts on event variables defining the signal region.

lower cut variable upper cut
0.6 GeV < mπ+π− < 1.1 GeV

2.5 GeV2 < Q2

−1 GeV2 < t

35 GeV < Wγp < 180 GeV

Event Variables and Signal Region

First, the event variables mπ+π− , t, Q2, and Wγp are presented and a signal region
is defined, where an agreement between data an MC should be expected. The
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Figure 6.3.1: Distribution of the π+π− mass (left) and Q2 (right) for
events in the signal region for data and MC. The shaded regions illustrate
the cuts on mπ+π− and Q2 as defined in Table 6.3.1. The uncertainties of
the MC samples represent statistical and a systematic contribution due to
the scaling uncertainty (see Section 5.1.2), but the statistical uncertainties
are negligible.

corresponding cuts on the event variables are listed in Table 6.3.1.

Figure 6.3.1 shows the invariant mass distribution of the π+π− system. The data
sample is clearly dominated by the ρ0 resonance with a mass of 775 MeV. A cut
mπ+π− > 0.6 GeV is implemented to reject wrongly or incompletely reconstructed
events, which are typically mirrored to the threshold mass mπ+π− = 2mπ. These
backgrounds have been studied in other H1 DIS ρ0 analyses [40] and were found
to have significant contributions from the following processes

• ρ′ → π+π−π0π0

• ω → π+π−π0

• ϕ→ π+π−π0 or ϕ→ K+K−

where either the neutral pions escape detection or the kaons are misidentified as
pions. A second cut at mπ+π− = 1.1 GeV is implemented to restrict the study to
the ρ0 mass peak.

Also shown in Figure 6.3.1 is the distribution of the photon virtuality Q2. The rise
of the number of events at with Q2 at low Q2 is due to the SpaCal acceptance and
motivates a cut at Q2 ≥ 2.5 GeV2. At large photon virtualities the sample dies
out because of the cut on the maximum electron radius discussed in Section 6.2.

Figure 6.3.2 shows the distribution of the proton momentum transfer t. A cut
is placed such that events with t < −1 GeV2 are rejected. This suppresses both
proton-dissociative events as well as the previously discussed backgrounds, which
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Figure 6.3.2: Distribution of t (left) and Wγp (right) for events in the
signal region in the data and MC samples. The shaded regions illustrate
the cuts on t and Wγp as defined in Table 6.3.1.

are predominantly found at large |t| [40]. The photon-proton center of mass
energy Wγp is depicted in Figure 6.3.2, as well. The lower edge of the distribution
is due to the acceptance of the central tracker and events with Wγp < 35 GeV are
rejected.

Comparing the data to the MC sample overall a good agreement is found. From this
study it can be concluded that the data sample does not contain any statistically
relevant background processes in the signal region. Consequently, it can be
assumed to consist mainly of elastic e p → e ρ0(π+π−) p events, as well as a small
proton dissociative contribution.

Track Kinematics

To further verify the MC sample, the distributions of the scattered electron and
pion track quantities are studied. In Figure 6.3.3 the distribution of the energy
Ee′ , polar angle θe′ and azimuthal angle ϕe′ of the scattered electron are shown.
The structures in the ϕe′ distribution are a direct consequence of the fiducial
SpaCal selection cuts introduced in Section 6.2.

In the following, the distributions of the pion candidate kinematics are presented
in figures having the following structure: Each figure contains the respective
distribution of the positively charged π+ candidates in the left and of the negatively
charged π− candidate in the middle column. In addition, the bin-wise asymmetry
between the two distributions is shown in the right column to explicitly study
whether there are any charge asymmetries present in the reference sample. The
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Figure 6.3.3: Distribution of the reconstructed energy Ee′ (left), polar
angle θe′ (center) and azimuthal angle ϕe′ (right) of the scattered electron
in the signal region. The structure in the ϕe′ distribution is a direct
consequence of the fiducial SpaCal selection cuts discussed in Section 6.2.
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Figure 6.3.4: Distributions of the polar angle θ for the positive (left)
and negative (middle) pion candidate, respectively. Only events from
the signal region defined in Table 6.3.1 are considered. The asymmetry
distribution is shown on the right.

asymmetry is defined as:

A(X) =
Xπ+ −Xπ−

Xπ+ +Xπ−
, (6.3.1)

where Xπ+ and Xπ− denote the distribution of any variable X for positive and
negative tracks, respectively.

The θ distributions are shown Figure 6.3.4 and exhibit a good agreement between
data and MC. Also, there are no apparent differences between the charges. The
CJC acceptance cuts discussed in Section 6.2 are marked in the plots by shaded
bands. The ϕ distributions are shown in Figure 6.3.5. The structures in the
distributions can be explained by a correlation between the azimuthal angles of
the pions and of the scattered electron, which are connected via the conservation
of the total transverse momentum. As a consequence of this correlation, the
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Figure 6.3.5: Distributions of the azimuthal angle ϕ for the positive (left)
and negative (middle) pion candidate, respectively. Only events from
the signal region defined in Table 6.3.1 are considered. The asymmetry
distribution is shown on the right.
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Figure 6.3.6: Distributions of the transverse momentum pt for the positive
(left) and negative (middle) pion candidate, respectively. Only events from
the signal region defined in Table 6.3.1 are considered. The asymmetry
distribution is shown on the right.

structures in the ϕe′ distribution that were explained earlier are reflected in the ϕ
distributions of the pion candidates.

The pions’ pt distributions are shown in Figure 6.3.6. Their shape is rather peculiar
and non-trivial and deserves some explanation. The two peaks in the distributions
are a consequence of the angular decay structure of the ρ0 meson, on the one hand,
and the boost of the dipion system in the transverse plane, on the other. An
analysis of the angular decay structure of the ρ0 meson in DIS e p → e ρ0(π+π−) p
events, as performed for example by Clerbaux [111, Chapter 7], yields that the
pion momenta in the ρ0 of center of mass frame are preferably (anti-) parallel
to the ρ0 flight direction in the lab frame. If in the lab frame the ρ0 carries
transverse momentum, the transverse momentum of the one pion in the lab frame
will then preferably be larger than the transverse momentum of the other. Now,
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assuming |t| � 1 GeV and considering that the total transverse momentum of
the initial ep state is zero, the contributions from the scattered electron and the
π+π− system to the total transverse momentum have to cancel each other in
order to fulfill momentum conservation. The pt of the electron is of the order of√
Q2 and consequently so is the pt of the dipion system. As was seen previously,

the Q2 distribution peaks at about 5 GeV2 such that the pt distribution of the
dipion system has to peak at about

√
5 GeV. Putting all these things together,

results in the observed structure in the pion pt distributions. As it is important
for the discussions to follow in Chapter 7, the correlation between the transverse
momenta of the pions is explicitly shown in Figure 6.3.7 (left).

As second important consequence of the transverse momentum of the dipion
system concerns the opening angle between the pion tracks. The larger the pt of
the π+π− system, the closer the pions are together in the transverse plane. The
distribution of the opening angle between the pions ∆ϕ = ϕπ+ − ϕπ− is shown in
Figure 6.3.7 (right).
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Figure 6.3.7: The correlation of the pions’ transverse momenta (left)
and the distribution of the opening angle between the pion tracks in the
transverse plane (right). Only events from the signal region are considered.
The left plot is shown for data only, but the MC sample exhibits the same
features.

Summarizing, overall there is a good agreement among the data and the MC
sample, both in the event and the track variables. It can thus be concluded that the
event selection is appropriate for an e p → e ρ0(π+π−) p sample. Complementary,
the agreement also shows that the detector simulation works well, because so far
all features caused by detector effects are correctly described by the MC sample.
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For a measurement of charge asymmetries in π+π− photoproduction, detector
systematics have to be understood. In this matter, the Fast Track Trigger that
is used to trigger π+π− photoproduction events at H1 is a potentially critical
component because of various reasons: First of all, there a is geometric asymmetry
inherent to the CJC (see Section 4.2.1) which might cause charge asymmetries
in the CJC-based FTT. Negative low pt tracks are bent by the magnetic field
in opposite direction to the tilt of the CJC cells while positive tracks are bent
in the same direction. As a consequence, on the one hand negative tracks have
a different orientation with respect to the CJC sens wire planes than positive
tracks, and on the other they also cross a different number of sense wire planes.
An illustration is given in Figure 7.0.1.

x

y

Figure 7.0.1: Sketch of the CJC1 with the FTT trigger wires marked
in green. The blue and red line represent a positive and negative track
with a transverse momentum of 1 GeV, respectively. Independent of the
azimuthal angle, all negative tracks cross two sense wire planes. A large
fraction of positive tracks, on the other hand, only crosses a single wire
plane as indicated by the shaded blue regions.

Secondly, large differences in the nuclear cross sections for positive and negative
pions at low pt [17], are known to cause charge asymmetries in the offline H1
tracking efficiency [117] and thus are expected to affect the FTT, as well. The pion-
proton cross section is shown in Figure 7.0.2 as a function of the pion momenta
and for protons at rest.

Given this motivation, in the present chapter the FTT performance is studied
with a focus on charge asymmetries. The studies are performed using the DIS
ρ0 → π+π− sample presented in Chapter 6, which is obtained independently from
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Figure 7.0.2: Total measured cross section for pion-proton interactions as
a function of the pion momenta and for resting protons. Data provided
by the PDG [17].

any track based information but provides an event topology similar to π+π−

photoproduction. Only events from the signal region defined in Section 6.3 are
used. First, the general event structure in the FTT is investigated, then single
track FTT efficiencies are studied and finally the efficiency of the dedicated ρ0

photoproduction sub-trigger is measured.

7.1 FTT Event Characteristics

The FTT performance depends strongly on the number of tracks measured in
the CJC. The track multiplicity distribution as measured by the FTT is shown
in Figure 7.1.1 for the DIS sample. From the plot two important things should
be noticed. First, although the fully reconstructed events are required to contain
precisely two tracks, excluding in particular events with additional tracks of low
quality, there are many events with fewer as well as more than two tracks in the
FTT. The first case is simply due to the fact that the FTT is not fully efficient,
which is discussed further in Section 7.2. The latter case is more peculiar and is
studied in the following. The second observation is the large discrepancy between
the data and MC sample. Both discrepancies need to be understood better,
because the ρ0 photoproduction trigger contains explicit FTT track multiplicity
vetoes. In order to get a good description of the data, the MC needs to be
corrected.

To find out where the additional FTT tracks originate from, correlations between
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Figure 7.1.1: FTT track multiplicity distribution in the signal region of
the DIS ρ0 samples.

them and the reconstructed tracks can be studied. For this a measure for the
geometrical distance between a reconstructed and an FTT track in the transverse
plane is introduced:

∆ϕ̃ = ϕ̃rec − ϕ̃unassigned FTT , (7.1.1)

where ϕ̃ is the geometric angle of a track at r = 22 cm (see also Section 4.3.2) which
provides the best azimuthal resolution. In the following, a distinction between
FTT tracks that are assigned to a reconstructed as described in Section 4.3.2 and
unassigned FTT tracks is made.

In Figure 7.1.2 (left) the distance ∆ϕ̃ between the unassigned FTT tracks and
the negative pion candidates is plotted against the distance to the positive pion
candidates. The distribution shows, that additional FTT tracks are always created
in the vicinity of at least one real track with a distance compatible with the FTT
resolution. Beyond this, it does not clearly indicate whether the second, farther
track has any influence. To study this influence, the average number of additional
FTT tracks per event is plotted as function of the distance in ϕ̃ between the two
reconstructed tracks in Figure 7.1.2 (right). It can be seen, that there is indeed a
higher probability to create additional FTT tracks when the reconstructed tracks
are close together, as indicated by the peak at zero. There are no additional tracks
above an absolute distance of ∼ 2. This is simply due to the fact that there are no
events with larger opening angles between the pions, compare Figure 6.3.7. In the
MC, the number of unassigned FTT tracks is smaller by a factor of approximately
2, confirming the previously observed discrepancy in the FTT track multiplicity.
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Figure 7.1.2: Left: Distance in ϕ̃ between the unassigned FTT tracks and
the reconstructed pion candidates in the data sample. Right: Average
number of unassigned FTT tracks as a function of the azimuthal distance
ϕ̃ of the two pions for the data (black) and the MC (red) DIS sample.

In conclusion, ambiguous FTT signals lead to more tracks being observed in the
FTT than are truly present in the CJC. While this happens for isolated tracks, it
is significantly more likely if two real tracks are close together. The additional
FTT tracks are always close to a real track, i.e., have a similar angle ϕ̃ but can
have substantially different inverse transverse momenta 1/pt. The latter is not
shown explicitly in a plot here, but can be learned from comparing the 1/pt of
FTT tracks close in ϕ̃. In the idealized detector simulation there are fewer effects
favoring such ambiguities. In particular, the CJC geometry and the drift velocity
of the charge carriers is ideal in the simulation, and there is less noise. As a
consequence, double counting of tracks happens less often in the MC than in the
data sample.

FTT Multiplicity Correction

Before proceeding, the discrepancy in the FTT multiplicity between the data and
the MC sample needs to be resolved. In particular, for measuring and comparing
the ρ0 photoproduction trigger efficiency in data and MC in Section 7.3 this is
essential, because the trigger contains explicit FTT multiplicity vetoes. A simple
way to correct the MC sample such that it gives efficiencies in good agreement
with those measured in data, was found in reweighting the MC in the FTT track
multiplicity distribution.

The following simplified picture can be used to find a parametrization for the
FTT track multiplicity. First, there are two true, reconstructed tracks in each
event which can create up to nrecFTT ≤ 2 FTT tracks. For this to happen a
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binomial probability1 B(prec, 2; nrecFTT ) is assumed, where the probability prec
corresponds to the FTT single track efficiency. Each reconstructed track observed
by the FTT can cause up to Nadd additional FTT tracks. For the creation of
naddFTT ≤ nrecFTT · Nadd additional FTT tracks a binomial probability distribution,
B(padd, n

rec
FTT ·Nadd; n

add
FTT , is assumed with a probability parameter padd.

Put together, the FTT track multiplicity distribution is parametrized by

N (N, prec, padd, Nadd; n) = N ·
2∑
i=0

B(prec, 2; i)B(padd, Nadd · i; n− i), (7.1.2)

where N is a normalization factor, n is the total number of FTT tracks consisting
of i tracks that can be assigned to reconstructed tracks and n− i additional tracks.
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Figure 7.1.3: FTT track multiplicity distribution in data (black) and
the elastic MC (blue). The lines represent a fit of the parametrization
given in Equation (7.1.2). The proton dissociative MC is not shown, but
the distribution there is equivalent to the elastic MC. The obtained fit
parameters are summarized in Table 7.1.1.

In Figure 7.1.3 this parametrization is fitted to the FTT track multiplicity distri-
bution of the data and the MC samples. It describes the distributions well for
up to 5 FTT tracks. Events with higher multiplicities are sufficiently rare and
can be safely neglected. The fit parameters are listed in Table 7.1.1. As expected,
the parameter prec agrees well between data and MC, while padd is much larger in

1B(p,N ; k) =
(
N
k

)
pk(1 − p)N−k, where k is the number of successes in N trials where each

success happens with a probability p.
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data than it is in the simulation. Nadd is not fitted but set to 2, which was found
to work best.

Table 7.1.1: Parameters to reweight the MC in the FTT multiplicity
distribution as obtained from the fit described in the text and shown in
Figure 7.1.3.

fit parameter data MC
prec 0.942± 0.003 0.951± 0.0003

padd 0.116± 0.003 0.050± 0.0003

Nadd 2 (fixed) 2 (fixed)

The MC sample is reweighted by applying a multiplicity dependent weight w(n)
defined as:

w(n) =
N (1, pdatarec , p

data
add , 2; n) /

∑
nN (1, pdatarec , p

data
add , 2; n)

N (1, pMC
rec , p

MC
add , 2; n) /

∑
nN (1, pMC

rec , p
MC
add , 2; n)

. (7.1.3)

To estimate an uncertainty on this correction, the reweighting is performed two
additional times with parameters varied in the following manner: First, pdatarec

is shifted up and simultaneously pdataadd is shifted down by the corresponding fit
uncertainties listed in Table 7.1.1. Secondly, the directions of the variations
are inverted. This is motivated by the observation that a larger pdatarec and a
smaller pdataadd lead to an increased ρ0 trigger efficiency in the corrected MC, while
a smaller pdatarec and a larger pdataadd have the opposite effect. In the plots shown
in the following for the reweighted MC, the variation caused by modifying the
parameters as described is included as a systematic uncertainty for the reweighted
MC.

The reweighted MC sample has to be treated with precaution. While the purpose
of the weight is to correct for an insufficient FTT simulation, it affects the
sample as a whole. This is due to the number of FTT tracks depending in
particular on the kinematic properties of the pion tracks (see below). So by
modifying the FTT multiplicity distribution, also the kinematic distributions are
altered. If they are correctly described in the original MC, as was concluded in
Section 6.3, they become wrong when the weight is applied. However, within the
context of this thesis the distortions of the kinematic distributions caused by the
reweighting, while wrong in principle turn out to be rather small in practice so
that given the limited data sample size they are mostly negligible within statistical
uncertainties. Moreover, to further avoid problems, the reweighted MC is only
used to measure FTT related quantities, where the applied procedure turns out
to be quite successful.
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7.2 FTT Single Track Efficiencies

Associating reconstructed tracks to tracks seen by the FTT (see Section 4.3.2)
allows to define a FTT single track efficiency:

ε±trk =
Nass. FTT

N±rec
, (7.2.1)

whereN±rec is the number of reconstructed tracks from either positively or negatively
charged particles and Nass. is the fraction of these tracks that has an assigned track
in the FTT. In the following the single track efficiency is studied as a function of
the track kinematics. To compare the efficiency for positive and negative tracks,
an efficiency asymmetry2 is introduced as

Aε =
ε+trk − ε−trk
ε+trk + ε−trk

. (7.2.2)

In Figure 7.2.1 the FTT single track efficiency for positive and negative pion
candidates is shown as a function of the azimuthal angle ϕ. Naïvely, one would
expect the efficiency to not depend on ϕ because of the cylindrical symmetry of
the CJCs. However, in the plots a significant drop can be observed at low ϕ. This
is a consequence of several dead or inefficient wires in the CJC2, which are all
known [117] and considered in the detector simulation. In particular, the regions
give rise to a charge asymmetry in the ϕ dependence of the efficiency. This is
due to strongly bent, low pt tracks which cross the inefficient regions for different
azimuthal angles depending on their charge, as is illustrated in Figure 7.2.2 (left).

Apart from the inefficient zone, the track efficiency is still not constant in ϕ, which
can be observed in particular in the MC: at large ϕ the efficiency drops down for
positive and rises for negative tracks. This is a consequence of a slight offset of
the true beam axis off the CJC symmetry axis. This offset was not considered
at the generation of the FTT track patterns and thus causes incompatibilities
between the hit patterns created by the event tracks and the predefined patterns.

2 In the following, efficiency uncertainties are calculated taking a Bayesian approach. This is
implemented with the Root TGraphAsymmErrors::Divide method. See ROOT Reference
Guide [118] for details. This approach gives asymmetric uncertainties on efficiencies. The
uncertainty of the efficiency asymmetries is then calculated using the following modification
of Gaussian error propagation:

∆(Aε)
up/down =

1

(ε1 + ε2)2

√(
2 ε2 ∆ε

up/down
1

)2
+
(

2 ε1 ∆ε
down/up
2

)2
Furthermore, the previously used systematic uncertainty of the normalization of the MC
sample is negligible and not included in total efficiency uncertainty, which then only contains a
contribution from the statistical uncertainty and from the uncertainty due to the reweighting
of the MC FTT multiplicity distribution.
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Figure 7.2.1: Track efficiency for positive (left) and negative tracks (mid-
dle), and the efficiency asymmetry (right) as a function of the azimuthal
angle of the pions. Data is shown in black, the combined elastic and
proton dissociative MC in red. The shaded area marks an inefficient
region in ϕ which is excluded in the following.

x

y
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Figure 7.2.2: Left: Inefficient CJC region during the run period 2006/2007.
A negative, low pt track (red), may traverse this region while a positive
track with the same pt and ϕ (blue) may miss it. Right: Consequence
of a vertex offset. As the offset is not considered in the FTT, negative,
low pt tracks (continuous red) perpendicular to the offset appear to be of
larger pt to the FTT (dashed red), while positive tracks (continuous blue)
appear to be of smaller pt (dashed blue). For tracks going in opposite
direction the effect is reversed, while tracks going in the direction of the
offset are barely affected at all.

As illustrated in Figure 7.2.2, depending on their charge and angle ϕ tracks are
affected differently by the offset. First of all, tracks are affected most if they are
perpendicular to the direction of the offset. Secondly, the hit patterns created in
the FTT by the illustrated tracks appear to correspond to tracks coming from the
vertex and having higher pt in case of the negative track and lower pt in case of the
positive track. For tracks going in the opposite direction the situation is reversed.
Altogether, this gives rise to a charge and ϕ dependence of the efficiency. This
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dependence should be periodic in ϕ, which however is hidden by the inefficient
CJC2 regions. Furthermore, it should be antisymmetric for positive and negative
tracks, which in turn is hidden by an overall asymmetry in the track efficiency,
which is studied further down in the text.

Table 7.2.1: FTT track efficiencies for positively and negatively charged
tracks in data and MC in the efficient region −2 rad < ϕ < 3.14 rad.

data
FTT multiplicity algorithm FTT multiplicity
reweighted MC uncertainty weight uncertainty

(stat.) (stat.) (data & MC) (MC)
ε+trk [%] 97.2+0.4

−0.5 97.18+0.04
−0.04 +0.1 ±0.1

ε−trk [%] 94.0+0.6
−0.6 96.09+0.04

−0.04 +0.2 ±0.2

ε+trk − ε−trk
ε+trk + ε−trk

0.017+0.004
−0.004 0.0056+0.0003

−0.0003 −0.0003 ∓0.0003

To study further effects independently of the dead CJC wires, in the following
only tracks with −2 rad < ϕ < 3.14 rad. are considered. The FTT single track
efficiency values for this region are summarized in Table 7.2.1. Two things should
be noted: First, there is an already mentioned difference between the efficiency
for positive and negative tracks, whose origin is discussed below. Then, there is a
significant difference between ε−trk measured in data and the MC. This difference is
probably a consequence of idealized CJC conditions used for the generation of the
FTT track patterns as well as for the MC simulation. An idealized CJC geometry
is used there, and the gas conditions, affecting in particular the charge carrier drift
velocity, are assumed to be ideal and constant. The true CJC geometry, however,
is imperfect and the gas conditions change constantly. This causes inconsistencies
between the generated FTT hit patterns and those created by a true track and
results in a lower efficiency in data. Due to the geometry of the CJC, positive
tracks are affected differently than negative tracks. For example, as illustrated in
Figure 7.0.1 negative tracks cross the CJC wire planes more often than positive
tracks. And is illustrated in Figure 7.2.3 a variation of the charge carrier drift
velocity affects tracks crossing the wire planes more than parallel tracks. This
might explain, why ε−trk, but not ε

+
trk, is significantly smaller in data than in the

MC.

Three sources for systematic uncertainties are studied. First, the normalization of
the MC sample, i.e., in particular the fraction of elastic and proton dissociative
events, does not affect the FTT single track efficiency at all. Secondly, the
algorithm used for the assignment of FTT tracks to reconstructed tracks as
described in Section 4.3.2 gives rise to uncertainties as listed in Table 7.2.1.

103



7.2. FTT Single Track Efficiencies

Figure 7.2.3: Consequences of a variation of the charge carrier drift velocity.
If the drift velocity is smaller than was assumed for the generation of
FTT hit patterns, the hit patterns caused by the true tracks (continuous
lines) appear to be coming from tracks that are further from the sense
wires (dashed lines). If the drift velocity is larger, the tracks appear to be
closer. The distortions such variations cause are larger for tracks crossing
the CJC wire planes (red) than for parallel tracks (blue).

These uncertainties are estimated by increasing the acceptable distance between
compatible FTT and reconstructed tracks (compare Equation (4.3.4)) to 7.5.
Increasing it further, results in an overestimation of the efficiency because of the
previously observed doubling of tracks. Lowering it, on the other hand, results in
an underestimation because of the limited pt and ϕ resolution of the FTT. As the
uncertainties arising from the the track assignment algorithm are fully correlated,
they neither account for any differences between positive and negative tracks, nor
for any differences between data and MC. Finally, reweighting the MC in the FTT
multiplicity distribution gives rise to small systematic uncertainties in the MC
values as listed in the table.

pt,π+ [GeV]
0 0.5 1 1.5 2 2.5 3

ε t
r
a
ck

0.75
0.8

0.85
0.9

0.95
1

1.05
1.1

1.15
1.2

pt,π− [GeV]
0 0.5 1 1.5 2 2.5 3

ε t
r
a
ck

0.75
0.8
0.85
0.9
0.95

1
1.05
1.1
1.15
1.2

pt [GeV]

0 0.5 1 1.5 2 2.5 3

A
ε t

r
a
c
k

-0.1
-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08
0.1

DIS data

reweighted MC

Figure 7.2.4: Track efficiency for positive (left) and negative tracks (mid-
dle), and the efficiency asymmetry (right) as a function of the transverse
momentum of the pions. The shaded area marks the CJC acceptance in
pt, outside of which events are excluded.
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To explain the difference in the FTT track efficiency between oppositely charged
tracks, it is illustrative to study the efficiency as a function of the pions’ transverse
momenta as shown in Figure 7.2.4. For both charges the efficiency drops with
increasing pt until a minimum is reached at approximately 1 GeV. This is a
consequence of a variation in the track length: strongly bent low pt tracks traverse
a larger gas volume in the CJC and thus ionize more charge carriers, i.e., leave a
larger signal. The following rise in the efficiency with pt is a consequence of the
geometry of the CJC. More precisely, it is the reason the CJC was designed the way
it was. The tilt of the CJC wire planes of 30◦ was chosen such (see Section 4.2.1),
that the charge carriers drift perpendicular to straight high momentum tracks in
the electromagnetic field. This leads to an ideal signal shape resulting in a better
hit identification and consequently a higher track efficiency.
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Figure 7.2.5: Track efficiency for positive (left) and negative tracks (mid-
dle), and the efficiency asymmetry (right) as a function of transverse
momentum as measured in the single track pion and muon MC samples.
The similarities between pions and muons, and the fact that asymmetry
vanishes at pt & 4 GeV indicate a geometric origin. Nuclear effects cause
small differences between pions and muons at small pt only and are mostly
negligible.

Looking at the asymmetry plot, again the discussed higher efficiency to detect
positively charged tracks in the FTT can be observed. At the beginning of
Chapter 7 two possible origins are discussed: The charge difference in the nuclear
interaction cross section at low pion momenta, and the geometry of the CJC.
As shown in Figure 7.0.2, large differences in the nuclear cross section can only
be expected for pt ≤ p . 1 GeV but an asymmetry is still present at larger pt.
Also, the π−-proton cross section is not consistently larger than the π+-proton
cross section, which if the case would favor a larger efficiency for positive tracks.
Consequently, the asymmetry presumably originates from a geometric effect. If this
is indeed the case, it has to vanish for high pt where tracks become straight and no
difference in the geometry of positive and negative tracks remains. Unfortunately,
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7.2. FTT Single Track Efficiencies

the DIS sample at hand does not provide sufficient statistics of particles with high
momenta to check this.

To show the validity of the explanation nonetheless, a pure detector simulation is
performed, in which the single track efficiency is measured using isolated tracks.
In Figure 7.2.5 the single track efficiency is shown as a function of pt as measured
using the single track pion and muon MC samples introduced in Section 5.1.2.
First of all, a comparison between pions and muons allows to completely rule out
nuclear effects as the origin of the asymmetry. Nuclear effects do not play a role
for muons and yet the same asymmetry as for pions is present there. Secondly,
The fact the asymmetry vanishes for pt & 4 GeV confirms a geometric origin.

To complete the picture, the single track FTT efficiency is shown as a function
of the polar angles of the pion candidates in Figure 7.2.6. The most notable
feature there is the drop of efficiencies in the central region at angles of about
θ ∼ 90◦(1.5 rad). This drop is a consequence of the track length variation with
tracks perpendicular to the beam line traversing a smaller gas volume than tracks
in forward or backward direction. As visible in the asymmetry plot, the increase
in the efficiency with track length also partially compensates the discussed charge
difference.
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Figure 7.2.6: Track efficiency for positive (left) and negative tracks (mid-
dle), and the efficiency asymmetry (right) as a function of the polar angle
of the pions. The shaded areas mark the CJC acceptance in θ.

Summarizing, most dependencies of the FTT single track efficiency on the kine-
matic properties and charge of the pion tracks can be understood. In particular
the difference between positive and negative tracks can be explained as a feature
of the CJC geometry affecting low pt tracks. All features observed in the data
sample are qualitatively also well described by the detector simulation. The track
efficiency for negatively charge tracks is slightly overestimated in the MC, which
might be a consequence of an idealized CJC used in the simulation.
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7.3 s14 Trigger Efficiency

Studying FTT single track efficiencies has revealed insights into detector effects
that cause oppositely charged tracks to be measured differently by the FTT.
However, these effects do not necessarily cause charge asymmetries in a data sample
obtained via FTT-based subtriggers, because these usually combine information
from more than one track to form a trigger decision. Consequently, single track
effects can either enhance or compensate each other. To investigate possible charge
asymmetries introduced into a FTT-triggered π+π− photoproduction sample, the
efficiency of the corresponding subtrigger is studied in this section.

7.3.1 s14 Trigger Elements

At H1 the dedicated s14 subtrigger was used to trigger π+π− photoproduction
events in the mass region of the ρ0 resonance [18]. It relied purely on information
from the central tracker, most importantly the Fast Track Trigger. The s14 trigger
decision was constructed in the following way:

s14: FTT_mul_Tb>1 && FTT_mul_Ta<4 && FTT_chg_1 && (!LAr_IF) &&
CIP_sig>2 && CIP_mul<6 v:5 t:0,

where ||, &&, and ! are the logical or, and, and not operators and the contributing
trigger elements are explained below.

FTT_mul_Tb>1: There have to be at least two reconstructed FTT tracks with
a transverse momentum pt > 160 MeV.

FTT_mul_Ta<4: There must not be more than three reconstructed FTT tracks
with a transverse momentum pt > 100 MeV.

FTT_chg_1: The sum of charges of all FTT tracks has to be between -1
and +1 in units of the elementary charge.

!LAr_IF: Veto on activity in the LAr calorimeter above a noise thresh-
old.

CIP_sig>2: The CIP significance has to be larger than 2. See also Sec-
tion 4.2.1.

CIP_mul<6: The CIP multiplicity has to be less than 6. See also Sec-
tion 4.2.1.

v:5 Standard vetoes against background due to beam-gas inter-
actions.

t:0 The timing is taken from the CIP

An additional third FTT track, as well as a charge imbalance are allowed to
explicitly account for track double counting in the FTT.
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7.3.2 Trigger Efficiency
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Figure 7.3.1: Efficiency of the s14 trigger elements and the full subtrigger
for data and the combined elastic and proton dissociative MC before and
after reweighting in the FTT multiplicity distribution. The efficiency is
calculated for events in the signal region, as defined in Table 6.3.1 with
the additional requirement −2 < ϕπ± on the azimuthal angle of the pion
tracks. The total uncertainty on the reweighted MC contains a statistical
and a systematic contribution from the reweighting uncertainty.

The subtriggers used to select the DIS π+π− sample do not rely on any of the
trigger elements that constitute the s14 photoproduction trigger nor on any other
central tracker based information. It can thus be used to measure trigger (element)
efficiencies, i.e.:

εX =
NX

Nref

. (7.3.1)

Here X is a wildcard for any of the trigger elements (or the complete s14 sub-
trigger), NX the number of events satisfying the corresponding requirement and
Nref the number of events in the reference sample.3 As in the previous section,
the efficiencies are measured excluding events with tracks in the inefficient CJC
region −3.14 < ϕ < −2.

3 Efficiency uncertainties are treated in the same way as for the single track efficiency calcula-
tions.
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Table 7.3.1: Efficiency of the s14 trigger elements and the full subtrigger
for data and the combined elastic and proton dissociative MC after
reweighting in the FTT track multiplicity distribution. The efficiency is
calculated for events in the signal region, as defined in Table 6.3.1 with
the additional requirement −2 < ϕπ± on the azimuthal angle of the pion
tracks.

data reweighted MC weight
εX [%] εX [%] uncertainty [%]

trigger element (stat.) (stat.) (MC)
FTT_mul_Tb>1 90.5+0.6

−0.7 91.2+0.1
−0.1 ±0.4

FTT_mul_Ta<4 93.5+0.5
−0.6 94.1+0.05

−0.05 ±0.3

FTT_chg_1 90.4+0.6
−0.7 91.1+0.1

−0.1 ±0.1

!LAr_IF 99.1+0.2
−0.2 99.0+0.02

−0.02 ±0.0

CIP_sig>2 94.7+0.5
−0.5 93.5+0.05

−0.1 ±0.0

CIP_mul<6 99.0+0.2
−0.2 99.5+0.01

−0.02 ±0.0

s14 70.1+1.0
−1.0 71.6+0.1

−0.1 ±0.7

The overall efficiencies for the trigger elements, as well as for the full s14 subtrigger
are shown in Figure 7.3.1 and the corresponding values are listed in Table 7.3.1.
In particular, the MC is shown before and after reweighting the FTT track
multiplicity. It is apparent in the plot, that reweighting is necessary to bring data
and the simulation in agreement. In the following, the efficiency is shown for the
reweighted MC only.

7.3.3 Kinematic Dependencies

Event Variables

To further test the agreement between data and MC in DIS, the dependence of
the s14 subtrigger efficiency is studied as a function of kinematic variables.

The s14 efficiency is is shown in Figure 7.3.2 as a function of the kinematic event
variables mπ+π− , Q2, Wγp, and t. Overall, there is good agreement between data
and the reweighted MC. The efficiency itself depends only little on the invariant
dipion mass and the proton momentum transfer t but exhibits peculiar structures
in the photon-proton center of mass energy Wγp and the photon virtuality Q2,
which deserve some comment. Wγp is directly correlated to the polar angle of
the combined π+π− system: for small Wγp the pions are boosted in forward
direction and have a small polar angle. For large Wγp, on the other hand, they
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Figure 7.3.2: Kinematic dependence of the s14 subtrigger efficiency on
mπ+π− , Q2, Wγp, and t (from top left, clockwise). The gray bands mark
the signal region introduced in Chapter 6.

are boosted in backward direction. The dip visible in the simulated s14 efficiency
at intermediate Wγp is then directly caused by the θ ∼ 90◦ dip in the single track
efficiency discussed in Section 7.2, which influences the trigger efficiency via the
requirement to have at least two FTT tracks.

The Q2 dependence of the efficiency is somewhat more difficult to explain. It is
caused by the correlation between Q2 and the transverse momentum of the π+π−

system discussed in Section 6.3. In particular, this causes the pions to be more
collimated for larger Q2. In the previous section it was shown that doubling of
tracks in the FTT becomes more likely as the pion tracks get closer together. Via
the s14 FTT track multiplicity veto this results in a decline of the efficiency. To
see this more explicitly, in Figure 7.3.3 the s14 efficiency is shown as a function
of the azimuthal distance in ∆ϕ between the reconstructed pion tracks. The drop
of the efficiency with Q2 is further aggravated by the relation between Q2 and the
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Figure 7.3.3: Dependence of the s14 subtrigger efficiency on the azimuthal
opening angle between the reconstructed pion tracks for data and the
combined MC in DIS.

transverse momenta of the pion tracks. As discussed in Section 6.3 the transverse
momenta of the pion tracks become larger with increasing Q2. Further down in
the text it is shown that for events with high pt tracks the trigger efficiency suffers
because the FTT has more and more difficulties measuring the correct charge of
those.
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Figure 7.3.4: s14 efficiency as a function of the pion candidates’ pt in the
signal region for data and the combined elastic and proton-dissociative
MC in DIS.

In this section, the question whether the s14 subtrigger can give rise to charge
asymmetries in a s14 selected data sample shall finally be addressed. The
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most interesting effect in this respect can be observed in the dependency of the
s14 efficiency on the transverse momenta of the pion candidate tracks. The
corresponding plot is shown in Figure 7.3.4. There a significant difference between
the dependence on the momentum of the positive track and the momentum of
the negative track is observed: while the efficiency is flat as a function of pt,π+ ,
it drops down with pt,π− . To understand this behavior, several things need to
be considered. First, and most important it is a consequence of the previously
discussed anti-correlation of the pion tracks’ transverse momenta in DIS (compare
Figure 6.3.7), which links low pt (pt . 1 GeV) negative to high pt (pt & 1 GeV)
positive tracks and vice versa. As a consequence, the s14 efficiency ratio at low
pt is also anti-correlated to the ratio at high pt. What remains to explain then, is
where the charge differences at high pt originate from.
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Figure 7.3.5: Average number of tracks seen by the FTT close to a
reconstructed track in addition to the assigned FTT track for data and
the combined elastic and proton-dissociative MC in DIS.

It turns out that two of the trigger elements that constitute the s14 subtrigger
cause the observed asymmetry, namely the requirements FTT_mul_Ta<4 and
FTT_chg_1 which in turn are related to two underlying asymmetric effects. The
first of these effect is the previously discussed doubling of FTT tracks. In
Figure 7.3.5 the number of FTT tracks that are created on average per event in
the vicinity of a reconstructed pion candidate, i.e., in a region ∆ϕ̃ < 0.314 rad, in
addition to the assigned FTT track is shown as a function of the pions’ transverse
momenta and separately for both charges. In the plot, mostly the asymmetry is
relevant for the discussion here, where it becomes apparent that a low pt positive
track has a significantly higher probability to be double counted by the FTT than
a low pt negative track while at higher pt the situation is inverted. Consequently,
the combination positive low pt track and negative high pt track results in an on
average higher number of total FTT tracks than the opposite situation. This in
turn causes a low subtrigger efficiency via the condition FTT_mul_Ta<4 in favor
of the observed asymmetry. The effect appears to be slightly more pronounced in
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Figure 7.3.6: Fraction of positive and negative reconstructed tracks with an
assigned FTT track having the opposite charge for data and the combined
elastic and proton-dissociative MC in DIS.

the simulation than in the real data.

The second effect is related to the challenge to measure the charge of high pt
tracks with the FTT. Figure 7.3.6 shows the fraction of positive and negative
reconstructed tracks that have an assigned FTT track with the opposite charge as
a function of their respective transverse momenta. Starting at about 1 GeV, which
corresponds to the second highest FTT pt threshold, an increasing probability for
charge confusion is observed. Also this effect shows a slight asymmetry such that
charge confusion is more likely to happen for negative than for positive tracks.
The requirement FTT_chg_1 demands the total charge seen by the FTT to not
deviate from zero by more than one. Consequently, confusing one charge lowers
the s14 efficiency, if the other charge is determined correctly. As this happens
more often for the combination of a positive low pt and negative high pt track this
combination is penalized which further contributes to the observed asymmetry in
the efficiency.

From Figure 7.3.6 it should be noted that the charge confusion probability rises
with pt which contributes to the previously observed decline of the s14 efficiency
with Q2.

In Figure 7.3.7 the s14 efficiency is shown as a function of the azimuthal and
in Figure 7.3.8 as a function of the polar angles of the tracks. The angular
dependencies exhibit the same features as the previously studied FTT single track
efficiency, which enter mostly via the trigger requirement to have at least two FTT
tracks: A slight dependence of the s14 efficiency on ϕ is observed coming from
the inefficient CJC2 regions and the discussed transverse offset of the primary
vertex position. In the θ dependence a 90◦ efficiency dip is still present. However,
neither of these effects result in a larger charge asymmetry of the s14 efficiency.
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Figure 7.3.7: s14 efficiency as a function of the pion candidates’ ϕ in the
signal region for data and the combined elastic and proton-dissociative
MC in DIS.
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Figure 7.3.8: s14 efficiency as a function of the pion candidates’ θ in the
signal region for data and the combined elastic and proton-dissociative
MC in DIS.

7.4 Conclusion

In the previous sections the FTT is studied in the DIS ρ0 → π+π− data and MC
samples, and single track efficiencies and the s14 trigger efficiency are measured.
A large discrepancy between data and the simulation is observed only in the FTT
track multiplicity distribution, where significantly more tracks are observed in
data than in the MC. After correcting the MC by reweighting it in the FTT track
multiplicity, a good agreement between FTT efficiencies measured in data and the
MC is found. In particular, all studied kinematic dependencies of the efficiencies
are compatible within the statistical uncertainties, including such that arise from
complex detector effects.

Concerning charge asymmetries in the FTT, several things are observed. The
CJC geometry and inefficient wires result in a ϕ and pt dependent difference in
the single track efficiency for positive and negative particles. Concerning the s14
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trigger efficiency, charge asymmetric track doubling and charge confusion in the
FTT result in a strong charge asymmetry in the dependence of the efficiency
on the transverse momenta of the pion candidates. These effects become more
important for high pt and are particularly dramatic in the DIS regime, where the
transverse momenta of the pions are strongly anti-correlated.

Many of the observed effects depend on Q2, because the kinematics of the pion
tracks change with Q2. This is reflected explicitly in the observed Q2 dependence
of the s14 efficiency. It is thus difficult to draw quantitative conclusions for the
performance of the FTT under photoproduction conditions from the DIS sample.
However, the simulation was shown to describe the data very well, even under the
complex DIS conditions. In photoproduction the situation is much simpler and
many problematic effects do not play a rôle. For example, the transverse momenta
of the pions are small (pt ≤ 1 GeV) and uncorrelated in photoproduction so that
charge confusion in the FTT is less likely. Also, in photoproduction both Q2 and
t are very small, so that the transverse momentum of the π+π− system is small
as well. As a consequence, the pions tend to be back-to-back in the transverse
plane which results in less track double counting (compare Figure 7.1.2). It can
thus be assumed, that the s14 trigger efficiency can be accurately measured in
a photoproduction ρ0 → π+π− MC and then used to correct the corresponding
data sample.

To be able to do this, first one important issue needs to be solved. While in
photoproduction the performance of the FTT in data and the simulation should
agree much better than in DIS, e.g. because there is less track double counting
in photoproduction, a correction of the MC, which was vital in DIS, might
still be necessary. In DIS, reweighting the MC in the FTT track multiplicity
distribution has shown itself to be very successful. Unfortunately, in an s14
triggered data sample the trigger requirements only allow for events with either
two or three FTT tracks. However, this might be enough to apply the correction
method introduced in Section 7.1. If the two assumptions hold that, first, the
parametrization introduced in Equation (7.1.2) is correct also in photoproduction,
and secondly, that the single track FTT efficiency, i.e., the parameter prec in the
fit model, is same in DIS and photoproduction, only two free model parameters
remain, i.e., padd, and Nadd. Both assumptions can bet tested in the MC. The
two available entries in the FTT track multiplicity distribution then suffice to fit
the two remaining model parameters which allows to correct the photoproduction
MC in the same way the DIS MC is corrected in this thesis.
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8 Outlook: FTT Efficiency in
π+π− Photoproduction

In the previous section it is verified that the s14 trigger efficiency can be measured
correctly in a simulated DIS ρ0 → π+π− sample, if the sample is reweighted in
the FTT track multiplicity distribution. In this section it is briefly illustrated
how something similar can be done in a simulated photoproduction ρ0 → π+π−

sample. This allows to measure the s14 efficiency in MC and use it to correct a
photoproduction ρ0 → π+π− data sample.

8.1 DIS ρ0 → π+π− Data Sample

For the photoproduction ρ0 → π+π− data sample events from the same run period
the DIS events are selected from in Chapter 6 are considered. For the MC sample
simulated events as introduced in Section 5.1.2 are used. Events that are triggered
by the s14 ρ0 subtrigger are collected and filtered by similar selection criteria as
introduced for the DIS sample. Solely the electron requirements are changed and
for the photoproduction sample the scattered electron must not be observed. Q2

is set to 0 GeV2 for all events. A summary of the selection criteria is given in
Appendix B in Table B.1.
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Figure 8.1.1: Distributions of mπ+π− (left), t (center), and Wγp (right) in
the s14 triggered ρ→ π+π− photoproduction data and MC sample. The
gray bands limit the signal region.
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8.1. DIS ρ0 → π+π− Data Sample

In Figure 8.1.1 the mπ+π− , t, and Wγp distributions are shown for the data and
MC photoproduction sample. The shaded regions limit the signal region. The
cuts on t and Wγp are chosen as in Chapter 6. The upper cut on mπ+π− is raised
to 1.3 GeV to be able to study the efficiency also in the f2 meson’s mass region.
The signal region cuts are summarized in Table B.1.
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Figure 8.1.2: Distribution of the transverse opening angle ∆ϕ between
the two pion candidates in the ρ→ π+π− photoproduction sample.

As discussed in the previous chapter, key features of ρ0 → π+π− production in
photoproduction as compared to DIS are the smaller transverse momenta of the
pion candidates and the larger azimuthal opening angle between the pions. The
distribution of the azimuthal opening angle is shown in Figure 8.1.2 and yields
that the pion candidates indeed tend to be back-to-back in photoproduction.
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Figure 8.1.3: Transverse momentum distribution for positive (left) and
negative (center) pion candidates and the corresponding asymmetry dis-
tribution (right) in the ρ → π+π− photoproduction sample. The gray
bands mark the acceptance region.
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8. Outlook: FTT Efficiency in π+π− Photoproduction

The pion pt for the positive and negative track are shown in Figure 8.1.3 together
with the respective asymmetry plot. Interestingly, there is a large asymmetry
between the pt distributions of up to 5% in the data sample, which is missing in
the MC. In the following, it is investigated whether this asymmetry is caused by
the s14 trigger.

8.2 s14 Trigger Efficiency

The efficiency of the s14 subtrigger can be measured in the MC sample, where
the trigger requirement is not mandatory for events to be reconstructed. The
efficiency is defined as

εMC
s14 =

Nsel,s14

Nsel

, (8.2.1)

where Nsel is the number of selected events without requiring the s14 condition,
and Nsel,s14 is the fraction of those that in addition satisfy a positive s14 decision.

8.2.1 FTT Track Multiplicity Correction

To obtain correct efficiency values in the MC, the sample is corrected by reweighting
it in the FTT track multiplicity distribution. The s14 trigger explicitly requires
two or three tracks in the FTT (compare Section 7.3). The parametrization
introduced in Section 7.1 to describe the track multiplicity distribution contains
three parameters. To be able to reweight the MC anyhow, the assumption is
made that the values for prec, which are closely related to the FTT single track
efficiency, are the same for DIS and photoproduction. The remaining parameter
padd and the normalization can be obtained by fitting the two available entries in
the FTT track multiplicity distribution. The fit is shown in Figure 8.2.1 and the
fitted values are listed in Table 8.2.1.

In the MC, the FTT multiplicity distribution can be studied in the sample
without the FTT track multiplicity s14 trigger requirements FTT_mul_Tb>1 and
FTT_mul_Ta<4. This distribution can be fitted without fixing any parameters,
which can be used to test the previously made assumptions. The corresponding fit
is also shown in Figure 8.2.1 and the fit parameters are listed in Table 8.2.1. They
deviate from the previously obtained parameters by approximately 1 percentage
point. This could in principle be used to estimate a systematic uncertainty on
the reweighting procedure and propagate it to the efficiency. However, this was
not done for this thesis.
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Figure 8.2.1: FTT track multiplicity distribution in the photoproduction
data and MC sample. The parametrization from Equation (7.1.2) is fitted
(dashed lines) to the two bins available after requiring a positive s14
trigger decision. In the MC the fit is repeated (dotted line) in the sample
without requiring the trigger bits FTT_mul_Tb>1 and FTT_mul_Ta<4.

Table 8.2.1: Fit parameters obtained from fitting Equation (7.1.2) to the
FTT track multiplicity distribution in the photoproduction sample.

fit parameter data MC: s14 MC: s14 w/o FTT
track requirements

prec 0.942 (fixed) 0.951(fixed) 0.963± 0.0003

padd 0.056± 0.0003 0.021± 0.0002 0.020± 0.0002

Nadd 2 (fixed) 2 (fixed) 2 (fixed)

8.2.2 s14 Trigger Efficiency

The s14 trigger efficiency measured in the photoproduction MC is listed in
Table 8.2.2 before and after reweighting in the FTT multiplicity distribution. The
differences between the values from the uncorrected and corrected MC are as
small as about 1.4 percentage points and give a feeling for the importance and
uncertainty of the reweighting procedure.

The s14 trigger efficiency as a function of the invariant mass of the dipion system
is shown in Figure 8.2.2 for both the unweighted and reweighted MC. For the
reweighted MC the efficiency drops down by about ten percentage points over
the considered mass range, for the unweighted MC the variation is less strong.
This behavior is a consequence of the transverse momenta of the pion candidates
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Table 8.2.2: s14 trigger efficiency measured in the photoproduction MC
in the signal region defined in Table B.1. The values are given before and
after applying the FTT track multiplicity correction.

reweighted MC MC
s14 [%] 84.49± 0.04(stat.) 85.85± 0.03(stat.)
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Figure 8.2.2: s14 trigger efficiency as a function of mπ+π− in the pho-
toproduction MC before and after applying the FTT track multiplicity
correction.

becoming slightly larger with increasing mπ+π− . In turn, the s14 trigger efficiency
drops down towards larger pt as is explicitly discussed below in the text.
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Figure 8.2.3: s14 trigger efficiency as a function of the pion candidates’
transverse momenta and the corresponding asymmetry plot in the pho-
toproduction MC before and after applying the FTT track multiplicity
correction.

To study trigger induced charge asymmetries, the dependence of the s14 efficiency
on the pion candidates’ transverse momenta is shown in Figure 8.2.3. For both
charges the efficiency drops down with increasing pt. In the corrected MC, this
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Figure 8.2.4: s14 trigger efficiency as a function of the pion candidates’
azimuthal angle and the corresponding asymmetry plot in the photo-
production MC before and after applying the FTT track multiplicity
correction.

tendency is again a bit stronger, in particular for negative tracks. A small charge
asymmetry can be observed, which becomes larger with increasing pt. This is all
to be expected from the observations made in Section 7.3. Unfortunately, the
trigger efficiency asymmetry is not sufficient to fully explain the asymmetry that
can be observed in the pt spectra of the positive and negative pion candidates in
Figure 8.1.3. This is further commented on in Chapter 9.

In Figure 8.2.4 the s14 trigger efficiency is shown as a function of the pion tracks’
azimuthal angles, together with the corresponding asymmetry. In contrast to DIS,
in photoproduction a large asymmetry is present in the inefficient CJC region at
low ϕ. Furthermore, the asymmetry due to the CJC geometry and the vertex
offset, which is observed in the single track FTT efficiency in Section 7.3, is also
strongly present. Both effects are more pronounced in photoproduction than
in DIS because of the different event topologies. In photoproduction the pions’
transverse momenta are smaller in favor of both asymmetries. In addition, the
asymmetry due to the CJC geometry, which exhibits a 2π periodicity, is enhanced
in photoproduction where the pions are back to back in the transverse plane.
The asymmetry in ϕ is affected very little by the reweighting procedure. No
asymmetry is present in the pion track θ dependencies of the efficiency and the
corresponding plot is not shown.

Summarizing, the s14 trigger efficiency can be measured in photoproduction in
the MC with the confidence in the correctness of the simulation that is obtained
through the FTT studies in DIS. While a correction of the MC in photoproduction
is much less critical than in DIS it can be achieved in a similar manner. Here,
no systematic uncertainty on the correction was estimated. The efficiency mea-
surements yield that there are indeed trigger induced charge asymmetries, which
depend on the pt and ϕ of the pion tracks.
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9 Conclusion

In the first part of this thesis, charge asymmetries as a consequence of interference
between C-even and C-odd contributions to π+π− photoproduction are studied
in the model by Ewerz et al. [14]. These charge asymmetries are expressed in
asymmetries of the angular distributions of the pions in the dipion restframe. A
focus is put on investigating the odderon contribution to the asymmetries and
on the questions where it is strongest and how it can be distinguished from the
Primakoff contribution. It is briefly studied how detector effects can modify the
model asymmetry, where in particular detector induced charge asymmetries in
the pt and θ spectra of the pions in the lab-frame are critical, while asymmetries
in the ϕ spectra seem to be harmless.

In the second part of this thesis, detector effects in the H1 central tracking
system that can cause charge asymmetries are investigated by studying the FTT
performance in DIS ρ0 → π+π− events. In particular, the geometry of the CJC is
found to give rise charge asymmetries in the single track FTT efficiency depending
on the kinematics of the pions. Furthermore, charge confusion and track doubling
in the FTT are revealed to cause large charge asymmetries in the kinematic
dependence of the s14 trigger efficiency. It is verified that all these effects are well
described by the detector simulation after applying a correction. In conclusion, the
simulation can be used to measure the s14 trigger efficiency in photoproduction
to correct a photoproduction π+π− data sample.

The s14 trigger efficiency as measured using simulated photoproduction events
gives rise to asymmetries in the pion pt and ϕ spectra whose origins are well
understood. Unfortunately, the asymmetries observed in the pion pt spectra of
the photoproduction data sample used in this thesis show larger asymmetries
than what can be explained by the measured trigger efficiency. Thus other effects
must contribute and need to be investigated. A good point to start is to critically
analyze the event selection, which was not optimized in the context of this thesis.
However, the observation was made that in particular the dE/dx cuts and the
requirement to have no more than 2 tracks in the central tracker (including
non-vertex fitted tracks) can distort the kinematic distributions of the pion tracks
differently depending on the charge. Furthermore, the effects observed to influence
the FTT can be expected to also influence the reconstruction of full CJC tracks
and thus further increase any asymmetry caused by the FTT. Finally, in parallel
to this thesis Sauter [36] investigated how beam-restgas interactions can excite
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resonant states in the restgas atoms, which can decay by emitting a pion and a
proton. These processes are inherently charge asymmetric and in some kinematic
regions cannot be well separated from the photoproduction π+π− signal.

While as a result of this thesis, the FTT is well understood, all of the other
effects need also be well understood, if a measurement of the model asymmetries
investigated in the first part of this thesis is to be performed.
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APPENDIX
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A FTT Track Assignment
Algorithm

To assign tracks measured by the FTT to offline reconstructed tracks the following
steps are performed. They are motivated by the goal to only assign compatible
tracks, maximize the number of assignments and simultaneously minimize the
sum of distances between all assigned tracks. The compatibility requirement and
distance measure are defined in Section 4.3.

1. The matrix of (binned) distances between all possible pairs of reconstructed
and FTT tracks is calculated.

2. This matrix is squared by adding an appropriate number of zero-filled rows
or columns.

3. The distances of all track pairs that exceed the maximum accepted distance
is set to the largest possible double-value (“∞”). By doing this a higher
number of assigned track pairs is favored over a small sum of distances.1
This is motivated by the assumption that if the FTT sees a track, the offline
reconstruction should also see it.

4. The Hungarian Algorithm is performed on this matrix to determine the
minimum sum of matrix elements such that each row and each column only
contributes once. A recipe for the algorithm is the following, an example
can be found in Figure A.1:

i The smallest element of each row is subtracted from all entries in that
row. Continue with ii.

ii In the resulting matrix as many zeroes as possible are marked by a
star. There must not be more then one starred zero in each row and
column. Continue with iii.

iii The columns that contain a starred zero are covered. If all columns are
covered, a complete set of unique assignments is given by the starred
zeroes. If not, continue with iv.

1Assume three track pairs with best sum of distances 1 + 1 + 6 = 8 for one set of assignments
and 3 + 3 + 3 = 9 for another. The Hungarian Algorithm favors the first. For a maximum
accepted distance of 5 the last assignment is then rejected. The chosen modification of the
matrix of distances, however, leads to the second, complete set of assignments with a slightly
worse sum of distances.
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1.−→
1 2 6
1 3 7

ii−→
0* 1 ∞
0 2 ∞
0 0* 0

iv−→
0* 0’ ∞
0’ 1 ∞
1 0* 0’

2.−→
1 2 6
1 3 7
0 0 0

iii−→
0* 1 ∞
0 2 ∞
0 0* 0

v−→
Z1 Z2 ∞
Z0 1 ∞
1 Z3 Z4

3.−→
1 2 ∞
1 3 ∞
0 0 0

iv−→
0* 1 ∞
0 2 ∞
0 0* 0’

→
0 0* ∞
0* 1 ∞
1 0 0*

i−→
0 1 ∞
0 2 ∞
0 0 0

iii−→
0* 0 ∞
0 1 ∞
1 0* 0’

iii−→
0 0* ∞
0* 1 ∞
1 0 0*

Figure A.1: A simple example for track assignment with the Hungarian
Algorithm. It starts with a matrix of distances at the top left and continues
along the arrows according to the steps described in the text. A maximum
accepted distance of 5 is assumed.

iv A zero that is not covered is chosen and primed. If there is no starred
zero in the same row, continue with v. If there is one, the row is covered
and the column containing that starred zero is uncovered. Uncovered
zeroes are primed in this fashion until there are none left. Then the
smallest uncovered value is stored. Continue with vi.

v The primed zero found in iv is labeled “Z0”. If there is a starred zero
in the column of Z0, it is labeled “Z1”. In this case there will also be
a primed zero in the row of Z1 which gets the label “Z2”. This series
of alternating primed and starred zeroes is continued until a primed
zero in a column without a starred zero is reached. The stars from
all starred zeroes in the series (uneven labels) are then removed and
the primed zeroes in the series are marked by a star (even labels). All
primes are erased and all rows and columns are uncovered. Continue
with iii.

vi The value stored in iv is subtracted from each element in all uncovered
columns and added to each element in every covered row. Stars, primes
or covered rows and colums are not modified. Continue with iv.

5. The matrix elements selected by the Hungarian Algorithm indicate the
optimal track assignment. Assignments of tracks that exceed the maximum
accepted distance can be safely discarded. As are assignments to artificial
indexes that were introduced to square the distance matrix.
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B Selection Cuts

The selection requirements for the DIS and photoproduction data samples used
in the thesis are summarized in Table B.1.

Table B.1: Summary of the selection criteria for the DIS and photopro-
duction ρ→ π+π− data samples.

selection requirement DIS photoproduction

run selection
high energy 2006 and 2007

CJC, CIP, FPS, FTT, LAr, SpaCal, TOF, LUMI, VETO

trigger s0 || s1 || s2 s14

pion track criteria
pt > 200 MeV && 20◦ < θ < 160◦

dca < 10 cm && zvtx < 25 cm

electron criteria

Ee′,clust > 17 GeV

no scattered electronRe′,CT < 15 cm

fiducial cuts

LAr veto no unassociated clusters above 400 MeV in θ > 10◦ region

PID π selection and K, p, and d vetoes

background rejection ϕ, K0 and cosmic muon vetoes

signal region

−1 GeV2 < t

35 GeV < Wγp < 180 GeV

0.6 GeV < mπ+π− < 1.1 GeV 0.6 GeV < mπ+π− < 1.3 GeV

2.5 GeV2 < Q2
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