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Zusammenfassung

Im Rahmen der vorliegenden Arbeit wurde der doppelte Dalitz Zerfall η →
e+e−e+e− untersucht. Derzeit ist experimentell für diesen seltenenZerfall desη
Mesons nur eine Obergrenze für das Verzweigungsverhältnisbekannt.

Theoretisch wird von der Quantenelektrodynamik ein Verzweigungsverhält-
nis von etwa2.5 × 10−5 vorhergesagt, dreimal kleiner als die gegenwärtige ex-
perimentelle Obergrenze. Von wesentlichem Interesse bei Untersuchungen dieses
Zerfalls ist die Möglichkeit, den Übergangsformfaktor zu bestimmen, der die elek-
tromagnetische Struktur des zerfallenden neutralen Mesons amη → γ∗γ∗ Ver-
tex beschreibt. Die invariante Masse der beiden Leptonpaare im Endzustand des
η → e+e−e+e− Zerfalls entspricht jeweils dem Betrag des Viererimpulses enes
virtuellen Photons. Die Kenntnis der Struktur des Übergangsformfaktors kann
Hinweise geben, ob zweifache Vektormesondominanz in der Natur realisiert ist
– eine Frage, die beispielsweise von großer Bedeutung für Kaon-Zerfälle und das
anomale magnetische Moment des Myons ist.

Mit dem WASA Detektor an COSY ist es erstmalig möglich, das Verzwei-
gungsverhältnis des Zerfallsη → e+e−e+e− zu bestimmen. Die vorliegende
Analyse basiert auf∼ 10 Millionen aufgezeichnetenη−Ereignissen, die in der
Reaktionpd → 3Heη bei 1 GeV kinetischer Energie produziert wurden. Aus
diesen konnten(30 ± 10) η → e+e−e+e− Ereigniskandidaten herausgearbeitet
werden, entsprechend einem Verzweigungsvehältnis von2.9 × 10−5.





Abstract

This work is dedicated to the study of the double Dalitz decayη → e+e−e+e−.
For this rare decay of theη meson only an experimental upper limit for the branch-
ing ratio is known. The theoretical prediction is based on Quantum Electrodynam-
ics for the branching ratio is about 2.5×10−5, which is a factor of three below the
experimental upper limit.

One of the main points of interest to study this decay is the possibility to
measure the transition form factor, which describes the electromagnetic structure
of the decaying neutral meson at theη → γ∗γ∗ vertex. In the final state of the
decayη → e+e−e+e− there are two lepton pairs, whose squared invariant mass
equals the four momenta squared of the virtual photons. The knowledge about the
structure of the transition form factor can indicate whether double vector meson
dominance is realized in nature, which has important implications for kaon decays
and theµ anomalous magnetic moment.

Using the WASA at COSY facility it is possible for the first timeto determine
the branching ratio of theη → e+e−e+e− decay. The data analyzed in this work
were taken in the reactionpd → 3Heη at 1GeV kinetic energy and contain∼ 10
×106 events ofη-mesons. A sample of(30±10) η → e+e−e+e− event candidates
has been extracted, corresponding to a branching ratio of2.9 × 10−5.
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Chapter 1

Theoretical Background and
Motivation

Introduction
The Standard Model of particle physics summarizes our present knowledge of

fundamental particles and their interactions. The theory covers the strong, elec-
tromagnetic and weak interactions between the elementary constituents of mat-
ter. The electromagnetic and weak interactions were combined together into the
electroweak theory during the 1960’s by S. Glashow, S. Weinberg and A. Salam
(Nobel Prize in Physics in 1979). The Standard Model does notinclude the grav-
itational interaction1 and must be therefore considered as incomplete. According
to the Standard Model matter consists of quarks and leptons,which interact via
gauge bosons. An interesting fact is that the matter surrounding us today is made
up ofu− andd− quarks, electrons,νe and the gauge bosons, while all other quarks
and leptons existed at an early stage of the universe and nowadays can be seen
only in cosmic rays and accelerator experiments. The properties of the interac-
tions are characterized by certain regularities and symmetries which are reflected
into conservation laws according to Noether’s theorem [1],see the table 1.1.

The strong interaction occurs via the exchange of eight massless gluons, which
are the gauge bosons of the symmetry group SU(3). The weak interaction is medi-
ated by the three heavyW±,Z bosons of the symmetry group SU(2). The electro-
magnetic interaction proceeds via the exchange of the massless photon which is
the gauge boson of the symmetry group U(1). The difference between U and SU
symmetry groups is whether the group is abelian or non-abelian. The consequence
of being non-abelian is that in the Lagrangian additional terms appear which lead
to a self-interaction of the corresponding gauge bosons.

1The influence of the gravitation is negligible for particle physics processes.

1
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Conservation law Strong Electromagnetic Weak

Energy E + + +
Momentump + + +
Electric ChargeQ + + +
Baryon numberB + + +
Lepton numberL + + +
IsospinI + - -
Isospin projectionIz + + -
StrangenessS + + -
ParityP + + -
Combined parityCP + + -
CPT + + +

Table 1.1: Conservation laws in different interactions: "+" means the characteristic
is conserved, "-" means it is violated.

Quantum chromodynamics (QCD) is the non-abelian gauge theory of the strong
interaction. The corresponding gauge bosons are eight self-interacting gluons,
which have colour charge and mediate the interaction between quarks which also
carry colour charge2. In comparison, due to abelian structure of electromagnetic
interaction U(1), the photon has no self-interaction and, therefore, is electrically
neutral. The coupling constant of QCD is energy dependent. Athigher energies
the distances are short and the coupling between quarks getsweaker. In this case
quarks behave as asymptotically free particles and this regime can be described by
the methods of perturbative QCD. The low energy regime of QCD ischaracterized
by two mechanisms: the confinement of quarks inside hadrons and the breaking
(spontaneous and explicit) of chiral symmetry.

At low and intermediate energies the distances become largeand the coupling
constant becomes stronger. The self-interaction of gluonsleads to the confine-
ment of coloured quarks inside bound objects, colourless hadrons, which are the
relevant degrees of freedom in this energy regime of QCD. Hadrons are classified
into baryons (qqq) and mesons (qq). The mesons are grouped into different types
depending on their quantum numbers, see table 1.2.

The chiral symmetry is a general symmetry of QCD which considers the three
light quarksu, d and s to be massless. The spontaneous breaking gives rise to
massless excitations, which are the pseudoscalarπ,K, η mesons. The fact that
quarks have small, but non-vanishing masses leads to the explicit breaking of
the chiral symmetry. Therefore in the low energy regime the methods of Chiral

2The term color is used by convention
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S L P JP

Pseudoscalar meson0 0 - 0−

Pseudovector meson 0 1 + 1+

Vector meson 1 0 - 1−

Scalar meson 1 1 + 0+

Tensor meson 1 1 + 2+

Table 1.2:Classification of mesons according to their spinS, orbital angular momentum
L, parity P , total angular momentumJ , total angular momentum combined with parity
JP .

Perturbation Theory (ChPT) are used. ChPT is a non-perturbative method based
on the idea that at low energies the dynamics should be controlled by the lightest
hadrons (the pions) and the symmetries of QCD, for example chiral symmetry.
More details can be found in [2].

The η meson plays an important role in understanding of the low energy
regime of QCD. All first order decays ofη are forbidden because of conservation
laws and therefore are sensitive to higher order parametersof ChPT. In addition
η decays allow to test the predictions of ChPT and help to validate an effective
theory for the hadronic scale.

This work is dedicated to one of the rareη decay, so called double Dalitz decay
η → e+e−e+e−. This electromagnetic process proceeds via two virtual photons.
It was observed on the level of two events only, resulting in an experimental upper
limit [3]. This decay allows to test the realization of the Vector Meson Dominance
Model in nature. The goal of this study is to determine the branching ratio for the
decay.

The work is organized as follows:
Chapter 1 contains the theoretical background and motivation to study the de-

cayη → e+e−e+e−, in chapter 2 the experimental tools are introduced, chapter 3
describes the software and analysis methods with focus on the important experi-
mental setup components. In chapter 4 the analysis chain is described. The result
for the branching ratio ofη → e+e−e+e− is presented in chapter 5. The final
chapter summarizes this work and gives an outlook.

1.1 Physics of theη Meson

The η meson belongs to the ground state octet of pseudoscalar mesons as
shown in the fig. 1.1, with strangenessS = 0 and electrical chargeQ = 0. The
η meson was discovered in pion-nucleon collisions at the Bevatron at Lawrence
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Figure 1.1:The ground state pseudoscalar mesons octet in the coordinates of strangeness
S along the vertical axis and electrical chargeQ along the diagonal axis.

Berkeley National Laboratory in 1961 [4]. The basic properties of theη meson are
listed in the table 1.3.

In terms of the quark model all mesons are quark-antiquark systems. There are
nineqq combinations amongu, d ands quarks and their antiquarks. Theη meson
is a linear combination of the octetη8 and singletη1 states, given by the formula:

η = η8cos(θ) − η1sin(θ) (1.1)

where octetη8 and singletη1 states have quark composition given by formulas:

η8 =
1√
6
(uu+ dd− 2ss) (1.2)

η1 =
1√
3
(uu+ dd+ ss) (1.3)

η =
1√
2
(uu+ dd)cos(α) − ss sin(α) (1.4)

The mixing angleθ was estimated in the range−(13.83◦ − 18.76◦), from the
analysis of various decays of vector and pseudoscalar mesons, see [5], [6]. The
mixing angleα is related toθ: α = θ + 54.7◦, see [7].

Recent measurements by CLEO-c [8] and KLOE [9] have confirmed the NA48
[10] value forη meson mass and nowadays the mass of theη meson is known with
a good precision. However, many rare decays ofη were not measured precisely
because of lack of large statisticsη samples. Theη meson can participate in the
weak, strong and electromagnetic interaction. This and a relatively large mass



1.2. TRANSITION FORM FACTORS 5

mη (547,51± 0.18) MeV
Decay width 1.2 keV

life time 5×10−19s
B, L 0

S 0
I 0
Q 0
JPC 0−+

G +1

Table 1.3: The basic properties of theη meson, where B - baryon number, L -
lepton number, S - strangeness, Q - electrical charge, isospin - I, J - spin, P -
parity, C - charge conjugation and G - G-parity.

cause theη meson to have many decay modes [7]. An overview ofη decay physics
is given in [11, 12]. However, all decay modes via the strong,electromagnetic and
weak interaction are forbidden in the lowest order, which explains why theη, with
a life time of5 × 10−19s, is relatively long lived particle. The positive eigenvalue
for η charge conjugation (C) implies that decays into an odd number of photons
are forbidden since the photonC eigenvalue is negative. Thus, also the very rare
η → π0e+e− decay is forbidden if the electron-positron pair comes froma virtual
photon. The decays into lepton-antilepton pairsη → µ+µ− andη → e+e− cannot
proceed via a single virtual photon intermediate state since the spins of anη meson
andγ differ by one unit. Within the framework of the Standard Model the decays
which are dominated by a two virtual photon intermediate state are suppressed by
helicity factorsml/mη at eachγl+l− vertex. Thus the rates of these decays are
small and they might be sensitive to hypothetical interactions.

Manyη decays are forbidden byP ,CP symmetries, for example the hadronic
decaysη → π0π0 andη → π+π−. The non-hadronic decay modes are summa-
rized in the table 1.4.

1.2 Transition Form Factors

The text below is partly taken from [14]. Electromagnetic structure of charged
particle can be obtained by scattering of the charged point-like probe on it. The
modification of the differential cross section by the chargedistribution in the ob-
ject of study is given by:
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dσ

dq2
=

dσ

dq2
point

|F (q2)|2 (1.5)

where dσ
dq2

point
is the differential cross section for the scattering of an electron

by a point-like charged particle, based on the predictions from Quantum Electro-
dynamics (QED). The form factorF (q2) in 1.5 characterizes the spatial charge
distribution in the particle and can be determined by comparing experimental re-
sults on the differential cross section with the exact calculation for point-like par-
ticle. In the non-relativistic case the form factor is related to the charge density
distribution, described by a Fourier transformation.

The spatial structure of neutral mesons cannot be studied ina similar way
because the process with single photon exchange is forbidden due toC - par-
ity, conserved in strong and electromagnetic interactions, see table 1.1. Thus the
electromagnetic form factors of neutral mesons are always zero and the internal
structure of neutral mesons can manifest itself in radiative decays into a photon
and meson of oppositeC - parity: P → V γ. The photon can be real or virtual,
in the latter case the virtual photon decays into a lepton pair l+l−, that is called
internal conversion:

P → V γ∗ → V l+l− (1.6)

The invariant mass of the lepton pair equals to the four-momentum of the vir-
tual photon. The lepton invariant mass distribution depends on the electromagnetic
structure at theP → V transition vertex, which is due to a cloud of virtual states.
The dynamics of this mechanism is described by thetransition form factor- the
function of the four-momentum of the virtual photon. More details can be found
in [14].

The vector mesonV in the 1.6 can be replaced by a photon, in this case the
decay is calledsingle Dalitz decay: P → γγ∗ → γl+l−. The lepton pair mass
spectrum is given by formula:

dΓ

dq2
=
dΓ

dq2
point

|FPV (γ)(q
2)|2 (1.7)

The electromagnetic properties of the decaying mesonP can be studied atPγ
vertex. The transition form factorFPV (γ)(q

2) in the 1.7 can be calculated from
QED and normalized to the two photon decay width. Then the lepton pair mass
spectrum is obtained:

dΓ(l+l−γ)

dq2Γ(γγ)
=

2αem

3πm

√

1 − 4m2
l

q2
(1 +

2m2
l

q2
)

1

q2
(1 − q2

m2
P

)3|FP (q2)|2 (1.8)



1.3. THE DECAY MODEη → E+E−E+E− 7

Decay Experimental value SM predictions
γγ (3.93 ± 0.02) × 10−1

e+e−γ (7.0 ± 0.7) × 10−3

µ+µ−γ (3.1 ± 0.4) × 10−4

µ+µ− (5.8 ± 0.8) × 10−6

e+e− < 2.7 × 10−5 [20]
e+e−e+e− < 6.9 × 10−5 [19] 2.6 × 10−5 (QED) [21]
µ+µ−e+e− < 1.6 × 10−4[20] (1.57 − 2.21) × 10−6 [21], [23]
µ+µ−µ+µ− 3.6 × 10−4[20] (2.4 − 3.7) × 10−9 [23], [24]
γγγγ < 2.8 × 10−4 3 × 10( − 12) [27]
γγγ < 1.6 × 10−5

µ+e− + µ−e+ < 6 × 10−6 0

Table 1.4:Non hadronic decay modes of theη meson. The range for the predicted branch-
ing ratio is an estimate of the influence of the form factor taken from [21] and[23].

Three electromagnetic decays of theη: η → llγ, η → lll′l′, η → ll contain in-
formation about the transition form factor which is parameterized by the function
F (q2

1, q
2
2,m

2
η), describing theηγγ vertex. Hereq1, q2 are the four-momenta of the

two photons. The transition form factor for single Dalitz decayF (q2
1, 0,m

2
η) has

been measured fairly well for the decayη → γµ+µ− in [16], also for an overview
of theη decays see [17].

1.3 The Decay Modeη → e+e−e+e−

The decayη → e+e−e+e− is closely related to the radiative decays:η → γγ,
η → γπ+π−, η → γe+e− which are driven by the chiral anomaly of Quantum
Chromodynamics. Theη → e+e−e+e− is due to the triangle anomaly and up
to one-loop order this can be represented by the Feynman diagram in fig. 1.2a.
The decays of theη meson with lepton pairs can be related to the corresponding
radiative decays with one or two photons using Quantum Electrodynamics and
by introducing the transition form factorF (q2

1, q
2
2,m

2
η). The decay proceeds via

two virtual photons each converting to a lepton pair:γ∗ → e+e−. Within the
Vector meson Dominance Model (VDM) the interaction betweenη meson and
two virtual photons proceeds via two vector mesons in the intermediate state (ρ, ω
for example), fig. 1.2b. In the final state this decay has four leptons or two dilepton
pairs and is calleddouble Dalitz decay[18]. The four-momentumq of the emitted
virtual photon can vary between twice the lepton mass and themass of the meson.

The main interest in the lepton pairs is the fact that their invariant mass (me+e−)
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η

*γ

*γ

e+

e-

e+

e- η
ω,ρ

ω,ρ

*γ

*γ

e+

e-

e+

e-

a) b)

Figure 1.2:The diagrams forη → e+e−e+e− decay: a) Quark loop: triangle anomaly
and b) Vector meson Dominance Model: vector mesons mediate the interaction between
theη and the virtual photons

is equal to the four momentum transfer squared (q2) in the process of virtual pho-
ton emission:me+e− = q2. Thus, the four–momentum squared distribution of
virtual photons becomes experimentally observable by internal conversion of the
virtual photons to lepton–antilepton pairs. The invariantmass of the lepton pair is
an experimental observable while the momentum of the virtual photon can not be
measured.

Fig. 1.3 shows a two-dimensional distribution of momenta oftwo virtual pho-
tons of the double Dalitz decay of theη meson. The surface shape will tell about
the function which describes the momenta distribution ofγ∗. Thus, theη →
γ∗γ∗ → e+e−e+e− decay allows to measure theη meson transition form fac-
tor as a function of the momentum-squared of the two photonsF (q2

1, q
2
2,m

2
η) in

the time–like region for four–momenta between twice the lepton mass and the
mass of theη. The four–momentum distribution of the virtual photons depends
on the electromagnetic structure at theη → γ∗γ∗ transition vertex. The form fac-
tor correspondingly contains then dynamic information about the electromagnetic
structure of the decaying meson [14].

Using the transition form factor, the differential decay width is then modified
to:

dΓ

dq2
=
dΓ

dq2
point

|F (q2
1, q

2
2,m

2
η)|2 (1.9)

where the spectrum of effective masses of the lepton pairs for point–like ob-
jects, dΓ

dq2
point

can be calculated reliably from QED, and the transition formfactor
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Figure 1.3:Simulation: two-dimensional
distribution of the momenta squared of
two virtual photons fromη → γ∗γ∗: q2

1

on the X-axis vsq2
2 on the Y-axis,F =

f(q2
1, q

2
2, m

2
η) = 1 .

2)2, (GeV/c2
1
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210

310
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510
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Figure 1.4:Momentum squared of one of
the virtual photons fromη → γ∗γ∗ with
F (q2) = 1 (black) and with a pole type
form factor from equation 1.10 (blue).

can be obtained experimentally.
In the left part of equation 1.9 is a differential decay widthmodified by intro-

ducing the structure of the region of interaction. In the right part there is a known
cross section for point-like objects multiplied by transition form factor, which can
be obtained experimentally. Including the form factor modifies the mass spectrum
of lepton pairs, as can be seen in the fig. 1.4, where a pole typeformula was used
for the form factor:

F (q2
1, q

2
2) =

Λ4

(Λ2 − q2
1)(Λ

2 − q2
2)

(1.10)

which corresponds to the standard double vector meson dominance model.
For the parameterΛ a mass of770 MeV/c2 close to the mass of theρ meson
was taken. The effect becomes significant for higher masses,where two curves
diverge. The effects of different form factors in meson-photon-photon processes
were investigated in 2001 by Johan Bijnens and Frederik Persson [25].

Based on Quantum Electrodynamics, with a transition form factorF (q2
1, q

2
2) =

1 already in 1967 Jarlskog and Pilkuhn [21] evaluated the ratio based on earlier
calculations [22]:

R1 =
Γη→e+e−e+e−

Γη→γγ

= 6.6 × 10−5 (1.11)

As can be seen from comparing equation 1.9 and 1.11, the decayη → e+e−e+e−
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can be related to theη → γγ decay by using Quantum Electrodynamics, where
both photons are real and the transition form factor is normalized to unity at
q1 = 0, q2 = 0 (because for real photonsmγ = 0), it implies the region of in-
teraction is a point-like:

F (0, 0,m2
η) = 1 (1.12)

According to equation 1.11 the branching ratio isBRη→e+e−e+e− = 2.59 ×
10−5. The calculations in [22] were done within QED, neglecting across term
χll in the amplitude which originates from the exchange of identical leptons or
antileptons in different pairs. Similar calculations weredone in [24] neglecting
form factor influence. The result for the branching ratio with consideration of the
cross termχll givesBR = 2.56 × 10−5. Neglecting the cross term the branching
ratio slightly changesBR = 2.41 × 10−5. Other calculations of the branching
ratio with the cross termχll were presented in [25]. The neglection form factor
result gives the branching ratio2.52 × 10−5. Including the form factor from the
VDM, three different form factor were used and the branchingratio was found in
the range(2.52 − 2.65) × 10−5. The most recent calculations were done in [26],
for QED case without cross termχll the branching ratio was found2.55 × 10−5,
with cross term2.54 × 10−5. Introducing two different form factors from VDM
gives the range for the branching ratio(2.54 − 2.67) × 10−5.

Thus, the results for the branching ratio based on QED agree rather well be-
tween each other. As can be seen introducing the form factor increases the branch-
ing ratio. In general the branching ratio forη → e+e−e+e− does not expose sig-
nificantly either by introducing the form factor or the crosstermχll. The influence
of the form factor on lepton pair invariant mass spectrum wasdemonstrated in the
figure 1.4: the effect becomes larger for higher masses.

In the framework of the analysis presented in the thesis the form factor influ-
ence was neglected.

1.4 Available Data

The decayη → e+e−e+e− has not been yet observed and the only experi-
mental data offer an upper limit for its branching ratio. Thetheoretical predictions
based on Quantum Electrodynamics give a branching ratio of2.6 × 10−5, [21].
The latest experimental limit on theη → e+e−e+e− branching ratio comes from
the CMD-2 experiment [19] at the VEPP-2Me+e− collider. The upper limit for
the branching ratio of theη → e+e−e+e− was measured to be 6.9×10−5 with
a confidence level of 90%. WASA/CELSIUS found two event candidates of the
η → e+e−e+e− with an upper limit of 9.7×10−5.

In parallel with the WASA activity there are ongoing studies, performed by the
KLOE experiment at the DAFNEe+e− collider in Frascati [30], with one of the
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focuses of experimental program includingη decays. In the frame of public meet-
ings the KLOE has reported about 400 event-candidates of theη → e+e−e+e−

decay. Therefore it is very interesting to compare two independent measurements
for the rare decay.

1.5 Why η → e+e−e+e− with WASA-at-COSY ?

The decay contains important information about two vector meson exchange
processes which are negligible compared to one vector mesonexchange according
to ChPT. However there are no experimental data to check this.

WASA was designed for studies of the decay products of light mesons, par-
ticularly it was optimized for dilepton pair identificationby introducing material
and dimensions to reduce the probability of photon conversion, the details will be
discussed later in chapter 2. As it was mentioned, the upper limit for the branch-
ing ratio is the only experimental information and WASA/CELSIUS has already
identified it. The measurements were based on a2×105 η-s sample and now using
the upgraded facility, having abundantη-sample and known methods which were
used by WASA/CELSIUS, it becomes possible to obtain a solid number for the
branching ratio and later focus on the lepton mass spectra study.

In this thesis a statistically more significantη-sample is analysed with a similar
method to that used by WASA/CELSIUS, therefore it can be expected to produce
a solid number for the branching ratio with lower statistical error. The aim of this
thesis is to presentη → e+e−e+e− event candidates with reasonable signal-to-
background ratio and to determine the branching ratio of theη → e+e−e+e−.
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Chapter 2

Experimental Setup

Any experiment in nuclear physics has the goal to explore thebuilding blocks
of matter by colliding particles at high energies and registering the produced re-
jectiles. An experiment includes three major parts: an accelerator facility, a target
and a detector setup. The accelerator facility delivers a beam of particles which
interacts with the target and the products of this interaction are registered by a sys-
tem of detectors. Instead of a fixed target a second beam of particles coming from
the opposite direction can be used, in this case the accelerator facility is called a
collider.

The Wide Angle Shower Apparatus (WASA) was designed to studylight me-
son production in hadronic interactions and their decays. The mesons are produced
in proton-proton and proton-deuteron interactions. Originally it was operated at
the CELSIUS1 ring in Uppsala, Sweden, with proton beam momenta up to 2.1
GeV/c. In summer 2005 after the shutdown of CELSIUS the setup was trans-
ported to COSY2 facility, Juelich, Germany, which offers higher beam momenta
up to 3.7GeV/c as well as polarized beams. This adds possibility to study other
mesons thanη such asη′, ω, φ.

After the setup was transferred to Juelich, its components were inspected in the
laboratories of the Nuclear Physics Institute. Certain modifications and upgrades
were done in order to improve the detector performance. The data acquisition has
been renewed.

The detector is operated with an internal hydrogen and deuteron target using
a pellet target system with effective target densities> 1015 atoms

cm2 providing high
luminosities in the order of1032cm−2s−1.

1Cooling with Electrons and Storing Ions from Uppsala-cyclotron
2COoler SYnchrotron

13
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Figure 2.1:COSY floor plan: schematic view
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2.1 The COSY Storage Ring

The COoler SYnchrotron COSY is a storage ring [32] providing high preci-
sion proton and deuterium beams in the momentum range from 0.3GeV/c up to
3.7GeV/c. The accelerator complex depicted in the figure 2.1 consistsof sev-
eral ion sources, the isochronous cyclotron, a 100 m long injection beam line, the
COSY ring with a circumference of 184 m, and extraction beam lines to external
experiments. The cyclotron serves as injector to COSY and is fed by either unpo-
larized or polarizedH− andD− sources. The injection momentum of the ions is
296GeV/c.

COSY has the shape of a longitudinally stretched ring with twoarc sections of
52 m length and two straight sections of 40 m length, where theinternal experi-
ments are located. Comparing with the conditions at CELSIUS, COSY offers cer-
tain improvements in experimental conditions: fast magnetramping, dispersion-
free target position, electron and stochastic cooling and asmooth microscopic
time structure of the beam. The COSY ring can be filled up1011 particles lead-
ing to typical luminosities of1031cm−2s−1 with a cluster target and1032cm−2s−1

with a pellet target. Two cooling systems [33] are used: electron-cooling at injec-
tion energy and stochastic cooling for higher momenta. The electron cooling is
used with 22keV electrons to increase the intensity of the polarised protonbeam.
Stochastic cooling is working in the proton momenta range between 1.5GeV/c
and 3.5GeV/c.

After acceleration and injection, the beam is stored and canbe used for exper-
iment. In case of internal experiments, the beam interacts loses its intensity. Thus,
the beam in the storage ring has only a certain lifetime. When it is used up, new
particles have to be injected. The time between two injections is called a it cycle.
A typical beam cycle during the beamtime in November, 2008 isshown in the
figure 2.2. The beam intensity is defined by the beam current and is decreasing to
the end of the cycle due to interaction with the pellets, following the black curve.

2.2 Pellet Target

The study of rare processes puts some demands on the target: asuitable effec-
tive target thickness (in the order of 2×1015 atoms

cm2 ), a good definition at the interac-
tion point definition and access to a solid angle close to 4π. Another requirement is
especially important for final states with electron-positron pairs - that there should
be only little material for the reaction products to reach the detectors. This helps
to minimize the background from photon conversion. All these requirements can
be met with a pellet target.

The pellet-target system is an unique target developed particularly for high
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Figure 2.2:Beam current in arbitrary units and pellet rate per second on the Y-axis as a
function of time in cycle on the X-axis during a beamtime in November, 2008, reaction
pp → ppη at 1.4GeV . That illustrates how the beam intensity is decreasing due to beam-
target interaction.

luminosity and high precision measurements [34]. The setupproduces a narrow
stream of frozen hydrogen droplets which cross the beam vertically from above.
The idea of using a running stream of droplets was first proposed in 1984 by Sven
Kullander at CELSIUS.

The layout of the setup is depicted in figure 2.3. The pellet generator is located
on top of the setup where a high purity jet of liquefied gas (H2, D2) is broken up
into individual droplets by vibrating glass nozzle. When thedroplets enter the
vacuum chamber through an injection capillary they freeze due to evaporation
and become solid spheres or pellets. At the same time they areaccelerated up to
velocities of 100m/s by the gas flow through the capillary. Further down a skim-
mer is used to collimate the pellet beam before entering the pellet beam tube. The
pellet tube is 2m long and has a diameter of 7mm. The pellets have a size of 20-
40µm and form a pellet beam with a diameter of 2-4mm at the interaction point.
The small size of the pellets is one of the important parameters to achieve a well
defined interaction point and to reduce the probability of secondary interactions
in the target.

The initial droplet rate is determined by the vibration frequency of the noz-
zle. However, mainly due to turbulences during the vacuum injections the typical
pellet rate is 3000-10000s−1 after collimation at the interaction point. The typi-
cal operation parameters of the pellet target are summarized in the table 2.1. The
photo of the pellet stream is shown in the figure 2.4.

After passing the COSY beam the pellets are stopped in the pellet beam dump
and the gas from the evaporating pellets is removed by turbo pumps.
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Figure 2.3: Pellet target setup: schematic view.

Figure 2.4:Photo of the pellet target stream: the nozzle (truncated cone) is at the top, the
vacuum capillary in the lower part.
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Pellet size 20-40µm
Pellet frequency

at nozzle 70kHz
at interaction point 5-12kHz

Pellet flight velocity 60-100m/s
Pellet beam angular divergence 0.04◦

Table 2.1:Typical pellet target parameters achieved during the beamtime in October-
November, 2008.

2.3 WASA Detector

The WASA detector was designed to study the decays of light mesons. It can
be divided into two main parts, the forward and the central detector. The forward
detector provides the reconstruction of the recoil particles and allows to tag on the
produced meson via the missing mass technique. The central detector then detects
and identifies both charged and neutral decay products of mesons.

A cross section of the complete setup is shown in the figure 2.5. The WASA
master coordinatesx, y, z are given in a right handed coordinate system with the
origin at the vertex of the reaction. The z-axis is directed along the beam, the
x-axis goes perpendicular to the z-axis outward from the COSYring in the hori-
zontal plane, the y-axis is orthogonal to x-z plane directedupwards.

In the following sections the individual components of the detector are de-
scribed in more details.

2.3.1 Central Detector

The central detector measures charged particles and photons originating from
meson decays. The Mini Drift Chamber (MDC) and the Plastic Scintillator Barrel
(PSB) are placed inside a magnetic field provided by a superconducting solenoid.
With the MDC the momenta of charged particles are measured and positively and
negatively charged particles are distinguished by the bending direction of the track
in the magnetic field. The PSB also delivers information about the energy deposit
of charged particles and provides fast signals which are used on trigger level.
In addition the Scintillator Electromagnetic Calorimeter (SEC) surrounds MDC
and PSB and measures the energy deposit of both charged and neutral particles.
In combination with the information from the PSB one can distinguish between
charged and neutral particles.

The Central Detector covers polar angles in the range from 20◦ to 169◦ and
the complete azimuthal angular range. All three componentstogether provide the
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Figure 2.5:Cross section of the WASA detector. For a discussion of the individual com-
ponents see text.

full four-momentum for each particle.

2.3.1.1 Mini Drift Chamber

The MDC is used to measure charged particles. It is built around the interac-
tion point covering scattering angles from24◦ to 159◦. The detector consists of
1738 drift tubes in a cylindrical geometry. The tubes are organized into 17 con-
centric layers centered at the beam axis. In order to keep theamount of material
low and to reduce secondary interactions, each tube is made from a thin 25µm
aluminized mylar wall tube and a stainless steel sensitive wire of 20µm diameter.
These type of drift tubes is calledstraw tube.

The mechanical construction of the MDC is symmetric with respect to the
Y Z−plane and can be divided into two halves: each layer of the MDCconsists of
two semi-layers, which form a cylindrical surface. The mostinner and outer layer
of the straw tubes are located in radii of 41 and 203 mm respectively. Numbering
the layers from inside to outside, the nine odd layers are parallel to thez−axis
while the eight even layers are stereo layers with differentskew angles (6◦ − 9◦)
with respect to thez−axis. Therefore, the axes of the tubes in stereo layer form
a hyperboloidal surface. The axial layers provide two-dimensional information
about the track coordinates in theXY -plane. In addition, the stereo layers are
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Figure 2.6:Left: backward photo of the MDC layers with incoming beam pipe. Right:
depiction of the straw tubes as a projection to XY-plane, the scale on the axesis in mil-
limeters.

used to measure thez coordinates of the track.
The layers can be divided into three groups with diameters of4, 6 and 8 mm.

The first five inner layers have a diameter of 4 mm. Furthermore, the length of
these tubes is increasing from inside to outside due to the cone shape of the scat-
tering chamber in forward direction (see the black contour in the figure 2.5). The
outer most twelve layers have the same length: the layers from six to twelve have
a diameter of 6 mm, the five outer layers have a diameter of 8 mm.All layers are
aligned with respect to the backward end of the MDC, see figure 2.6, left. Each
layer is supported byAl−Be (50%Al-50%Be) semi-cylindrical plates, i.e. semir-
ings, see figure 2.7. These semirings are interleaved with the straw tube layers and
finally the whole construction is covered by a 1 mm thickAl−Be cylinder. Each
semi-layer can be flushed with gas individually. The semi-layers were joined into
one layer which is flushed with gas. Thus, each MDC layer is monitored by means
of input and output gas flows. During the inspection of the MDCbefore the instal-
lation at COSY gas leakages were identified and classified by the gas losses.

The MDC is operated with a commonly used gas mixture: 80 %Ar and 20
% C2H6 at atmospheric pressure. This choice of the gas mixture has several ad-
vantages: relatively low operating voltage can be applied to the wires in order to
provide a high rate capacity and, therefore, the operation becomes more safe, as
the major component of the mixture is noble gas the low interaction ability of gas
with material of straws prevents fromaging effects[35]. Another advantage is the
linear drift function of the gas mixture. Additional information can be found in
[31].
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Figure 2.7:Left: the semi-cylindrical plates support and separate the layers of straw
tubes, the visible inclined plate illustrates how the stereo layers are interleavedwith the
parallel layers. Right: barrel part of the PSB(blue) covers the MDC layers.

Signal wires are connected to newly developed electronics based on CMP-16
amplifier-discriminators (for details see [36] ) via combined signal-high voltage
cables. The CMP-16 modules produce a logic signal in the LVDS-standard3 which
is then passed to a TDC4.

The working principle of the MDC is based on the motion of charged particles
in an electric field: when a charged particle crosses a gas volume the gas is ionized
and the produced electrons are accelerated along the electric field, finally produc-
ing anelectron avalancheand positively charged ions in the region close to the
anode-wire. The information about the coordinates of the charged particle track
is determined through the measurement of the drift time of electrons and ions,
more detailed information can be found in [37]. The chamber measures three di-
mensional trajectory of a charged particle in a nearly uniform magnetic field, then
the momentum is calculated from the curvature of particle trajectory in magnetic
field.

The momenta of electrons and positrons can be measured in therange about
of 20MeV/c - 600MeV/c. The momentum range of heavier charged particles
are slight different, for pions the range is 100MeV/c - 600MeV/c, for protons
it’s 200 MeV/c - 800 MeV/c.

The MDC performance during the beamtime in spring 2008 is shown in the
figure 2.8. This study is based on the reactionpp → dπ+ at 600MeV , where
theπ+ is identified in the Central Detector by PSB and SEC and the deuteron is

3Low Voltage Differential Signal
4Time-to-Digital Converter
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Figure 2.8:The MDC layer efficiency based on the tracks reconstructed by the PSB and
SEC. The lower efficiencies of the first layers are due to larger amount of not responding
channels, the fifth layer has the largest number of 20% damaged tubes from total number
of tubes in the layer.

detected in the Forward Detector. The signature of the two body reaction allows
the preselection of a clean sample of one track events in the Central Detector. The
histogram illustrates the individual layer efficiencies ofthe MDC, which are based
on the amount of MDC tracks relatively to the tracks found by PSB and SEC. The
average efficiency is around 80% for individual layers.

2.3.1.2 Plastic Scintillator Barrel

The Plastic Scintillator Barrel (PSB) surrounds the mini drift chamber and
consists of three parts: the central (barrel) part and forward and backward end
caps, see figure 2.9. The central part has a cylindrical geometry around the beam
axis. Each part is made of 48 thin plastic elements of 8 mm thickness, see figure
2.3.1.2. The most bottom and the most top elements in the barrel are divided into
two halves in order to provide space for the pellet target pipe: the gaps are visible
in the figure 2.9.

The elements in the barrel overlap by 6 mm. With such design gaps between
two neighboring strips can be avoided and resulting in an increased detection effi-
ciency. The forward and backward parts consist of elements of trapezoidal shape,
see figure 2.9. The elements in the forward cap are perpendicular to the beam axis
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Figure 2.9:From left to right: forward, central and backward part of the PSB. Two holes
situated diametrically opposite in the central part are for pellet target pipes.

and flat, forming a disc. The elements in the rear cap are inclined outward and
form a conical surface with an angle of 60◦. Each element is read out individually
by a photomultiplier. The scintillation light is transferred from the scintillator to
the photomultiplier via light guides.

The PSB provides time and amplitude information and has two important
functions:

• as a thin plastic scintillator it provides fast time signalsfor the trigger logic
discriminating charged and neutral particles

• the energy deposit is used for particle identification via∆E-p plots.

2.3.1.3 Superconducting Solenoid

The Superconducting Solenoid (SCS) surrounds MDC and PSB andprovides
an axial magnetic field along theZ-axis. The thickness of the solenoid is opti-
mized such, that photon conversion is minimized. Accuracy of the energy mea-
surements in the calorimeter and equals to 0.18X0. The coil is cooled down by
liquid helium and operated at 4.5K.

The return path for the magnetic flux is provided by an iron yoke, the red thick
contour in figure 2.5. The yoke has two purposes: it confines the magnetic field in
the central part of WASA and serves as support structure for the photomultipliers
of the calorimeter. It contains 1012 holes for connecting the calorimeter crystals
to their photomultiplier tubes by means of plastic light guides. The magnetic field
was measured by a hall probe. The field distribution was calculated and compared
with simulations of magnetic field distributions. The distribution of the magnetic
field inside the iron yoke calculated for a coil current of 667A is shown in the
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Figure 2.10:Schematic view of one Plastic Scintillator Barrel element: from forward
part (B), central part (A) and backward part (C). The light is transferred by lightguides
(D).

figure 2.11. The field uniformity inside the MDC is 1.22± 20% T. A more detailed
description of the SCS can be found in [38].

2.3.1.4 Scintillating Electromagnetic Calorimeter

The Scintillating Electromagnetic Calorimeter (SEC) is placed between the
solenoid and the iron yoke, covering the MDC and the PSB. It consists of 1012
sodium dopedCsI crystals for measuring energies and angles of photons and
charged particles in the polar angular range between 20◦ and 169◦.

The SEC is divided into three parts: the central part and two end caps (back-
ward and forward), see figure 2.12. There are gaps between thecentral part and
end caps which are needed for the lightguides of the Plastic Scintillator Barrel.
It covers nearly the complete azimuthal angle from 0◦ to 360◦ having two holes
for the pellet pipe and the solenoid chimney for liquid helium (not shown in the
figures).

Each crystal has a shape of truncated quadrangular pyramid (figure 2.13). The
crystals are organized into 24 rings (layers) with centers situated on the beam
pipe axis. The forward end cap is represented by 4 layers of 36crystals each and
covers the scattering angle in the range an 20◦-36◦. The central part consists of 17
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Figure 2.11:Calculated values of the magnetic field inside the iron yoke for a coil current
of 667 A. The marked contours constrain the regions with the same magnetic filed values.
Contour maxima are indicated by lines marked A-H, where: A =0.10 T, B=0.25 T, C=0.50
T, D=0.75 T, E=1.00 T, F=1.20 T, G=1.30 T and H=1.50 T.s

layers with 48 crystals each, covering an angular range 40◦-140◦ and the backward
end cap (red elements in the left part of the figure 2.12) with 3layers of crystals
covers the angles up to 169◦. More detailed information about the mechanical
construction of the SEC can be found in [39], [40].

The placement of the solenoid inside of the calorimeter allow using photomul-
tipliers outside of the return yoke. Lightguides are used for signal transmission
from the crystals to the photomultipliers through the iron yoke, see 2.13. Thus,
all read out electronics is situated outside the magnetic field and not affected by
that. The SEC is involved in the trigger logic by using the information about the
multiplicity of groups of crystals above a variable energy threshold.

The minimum energy for photon detection in SEC is around 2 MeV. The rel-
ative energy resolution for photons is given by:σE

E
= 5%√

E
, where the energy E is

measured inGeV . The angular resolution is limited by the crystal size.

2.3.2 Forward detector

The forward detector measures charged recoil particles andscattered projec-
tiles in the polar angular range between 3◦ and 18◦. It consists of 11 scintillator
hodoscopes in different configurations and 4 planes of strawtubes. The subdetec-
tors form a sequence of planes each one perpendicular to the beam axis except the
first layer of the Forward Window Counter. This resembles the conical surface of
the exit window of the scattering chamber, see 2.5.
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Figure 2.12:Left: the view cut of the Scintillating Electromagnetic Calorimeter, crystals
of the backward part are marked red, crystals of the forward part are marked green, the
central part crystals are white. Right: the coverage of the polar angle bythe calorimeter.
The numbers on the top correspond to the numbers of crystals per calorimeter ring.

Figure 2.13:Fully equipped calorimeter module with CsI crystal, lightguide, photomul-
tiplier and housing.
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Figure 2.14:The photo of the FWC. Left: a complete first layer and some segments of
the second layer. Right: complete second layer overcasts the first layer.

In general, time and amplitude information from the scintillators is used in the
trigger logic and later for particle identification by usingthe∆E-E technique. The
straw tube detector is used to improve the angular resolution by measuring precise
track coordinates.

In the next subsections the geometry and the purpose of each component of
the forward detector is given.

2.3.2.1 Forward Window Counter

The Forward Window Counter is the first subdetector followingthe exit win-
dow of the scattering chamber. It consists of two layers of scintillator counters
in a pizza-likeshape. Both layers are made from 3mm thick plastic scintillators.
Each layer consists of 24 radial segments which are read out individually by pho-
tomultipliers. The layers are shifted by half of segment respectively to each other
providing overlap between scintillators and, therefore, acomplete coverage in az-
imuthal angle. The first layer is inclined by 80◦ respectively to the beam axis and
adheres closely to the scattering chamber surface, forminga conical surface. The
second layer is planar, perpendicular to the beam axis and issituated right after
the first layer, see figure 2.14.

Using this detector in the trigger significantly reduces thebackground from
secondary interactions in the beam pipe. A low and high threshold on the ampli-
tude allows the discrimination of particles according to their ionization density.
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This is used to separate3He tracks from the protons and deuterons, since3He
ions deposit more energy than protons and deuterons. Thus, it provides cleaner
tagging of thepd→3 Heη reaction already on trigger level.

2.3.2.2 Forward Proportional Chamber

The Forward Proportional Chamber (FPC) is placed directly after the Window
Counter. It consists of 4 planar modules, each with four layers of 122 cylindrical
drift tubes (straw tubes) of 8 mm diameter. Similar to MDC, see2.3.1.1, the tubes
are made from aluminized mylar of 26µm thickness. The sensitive wire is made
from stainless steel and has a diameter of 20µm. Each wire is stretched with a
tension of 40g.

The straw tubes in the layers are staggered by shift of one tube radius respec-
tively each other. This is the most dense configuration, providing as much as many
tubes as possible along the straight trajectory of the particle. The first two mod-
ules are rotated by -45◦ and +45◦ degrees in azimuthal angle, see figure 2.15. The
tubes in the third module are parallel toY−axis and in the last, fourth, module
the tubes are parallel toX−axis. Similar to MDC, the straw tubes of the FPC are
read out from one side by the same electronics, however different to the MDC the
electronics is mounted directly on the modules, avoiding signal transmission via
thehigh voltage-signalcables.

The FPC is supplied by a common gas system for straw detectors, providing
20%C2H6-80%Ar gas mixture under atmospheric pressure. In September 2007
all four modules were installed and operated all together the first time. The FPC
serves as an accurate coordinate detector providing precise angular information
for reconstructing tracks of the particles originating from the target region.

2.3.2.3 Forward Trigger Hodoscope

The Forward Trigger Hodoscope is the next scintillator detector placed after
the FWC. It is built from three layers of 5mm thick plastic scintillators. The first
layer counts 48 sectors in a pizza-like manner. The two others layers consist of
24 elements each, built as Archemedian spirals with different orientation to each
other. Such a special geometry provides a pixel structure.

In figure 2.16 the situation with two charged tracks crossingthe FTH elements
is shown (fired elements are marked black). In the right panelthe projection of the
layers illustrates how two tracks cross them, each point is defined by the elements
from three layers. With this structure it is possible to solve multi-hit ambiguities.
All elements are read out individually by photomultipliers.

The FTH plays an important role in the trigger logic. It provides hit multiplic-
ity as well as azimuthal and polar angular information on thetrigger level.
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Figure 2.15:The FPC modules: 3-D view to the left and the position of the tubes in
different modules to the right(some internal tubes are removed for better illustration).

Figure 2.16:The FTH view, left is a 3-D view of element orientation in each layer; right
is a projection of elements from all layers.
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Figure 2.17:The FRH layers are situated behind each other, the dimensions are inmm.

2.3.2.4 Forward Range Hodoscope

The Forward Range Hodoscope (FRH) is a system of five layers of thick plas-
tic scintillators: the first three layers have a thickness of110mm thickness, the
other two of 150mm. Each layer is a disc with 24 plastic scintillators, arranged
in a pizza-like manner. The diameter of every next layer is increasing, in order to
cover the full angular range up to 18◦. The fifth layer diameter is the same as the
fourth, see figure 2.17.

The main purpose of thick detector is to measure the energy loss of the parti-
cles, which will then be used to recalculate the initial kinetic energy at the interac-
tion point. The stopping power of the Range Hodoscope for pions is 200MeV , for
protons 360MeV , for deuterons 450MeV , 3He ions 1000MeV can be stopped
andα-particles 1100MeV . As a scintillator detector the Range Hodoscope pro-
vides fast signals to the trigger logic.

2.3.2.5 Forward Range Intermediate Hodoscope

The Forward Range Intermediate hodoscope is a double layer hodoscope placed
between the second and the third planes of the FRH. There are 32rectangular ele-
ments in each layer, in the first layer the elements are situated horizontally and in
the second - vertically, see figure 2.18. This is an additional scintillating detector
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Figure 2.18: The FRI hodoscope:
two layers of scintillators perpendic-
ular to each other.

Figure 2.19: The FVH hodoscope:
one layer of scintillators.

for a position measurements inside the FRH, it helps to suppress secondary inter-
actions inside the FRH material. More detailed information about the FRI can be
found in [42].

2.3.2.6 Forward Veto Hodoscope

The Forward Veto Hodoscope is the last active component in the FD. This
is one layer of twelve horizontally oriented rectangular plastic scintillators. Each
scintillator is a 20mm thick and 137mm wide. The Forward Veto Hodoscope
(FVH) is drawn in the figure 2.19. The scintillators are read out from both ends
by photomultipliers. The FVH is used in the trigger logic forthe registration of
punch-through particles and identification of certain undesired reactions.

2.3.2.7 Forward Range Absorber

The Forward Range Absorber is a passive component, placed between the
FRH and the FVH. It is made from 5mm thick iron plates which can be put to-
gether and provide a total thickness of 100mm. The Forward Range Absorber(FRA)
is equipped with supporting rails and can be easily moved in or out.

The FRA was designed to stop slow protons fromη-production in proton elas-
tic scattering reactions. Fast protons penetrate the FRA andtrigger signals in the
FVH which can be used for veto in the trigger system.
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2.3.3 The light-pulser monitoring system

The light-pulser monitoring system is used for monitoring all photomultipliers
in the whole detector. The light pulser provides a referencelight pulse for each
photomultiplier, which can be used for monitoring its stability. There are two types
of light sources: one "slow" source for monitoring of the photomultipliers of the
calorimeter and four "fast" LED-based sources for the photomultipliers of the
plastic scintillators.

The light pulser monitors the stability of the scintillation counters with a pre-
cision∼ 1 %, which corresponds to the energy resolution for stopped particles.
The system has the possibility to change the intensity of light flashes that also al-
lows to study the calibration and linearity of the detectors. A detailed information
about the light-pulser monitoring system can be found in [43].

2.4 Data Acquisition system

The Data Acquisition system (DAQ) is a set of electronic devices that orga-
nizes the process of handling and storing of measured variables as digital infor-
mation.

The DAQ, currently used at WASA, belongs to the third generation of the
DAQs developed by Central Institute for Electronics (ZEL) atCOSY. It is able to
provide a read-out with short dead-times in the order of 20-30µs and, thus, allows
the WASA detector to run at high luminosities and high event rates. For details
see [44].

An overview of the DAQ system developed for WASA is shown in figure 2.20.
The analog signals from the detectors are processed throughthe preamplifiers, dis-
criminators and splitters and transformed into digital signals by TDCs and QDCs5.
TDCs and QDCs are continuously digitizing and storing the signals in internal
buffer. This allows trigger delays up to 2µs and avoids delaying the data signals.
The plastic scintillators provide both time and amplitude information and are read
out by TDC and QDC modules. The straw tube detectors provide time informa-
tion only and are read out by TDC modules. The TDC and QDC modules are
organized in LVDS crates, each crate is equipped with a system controller for the
communication between the crates and the readout computer farm, see figure 2.20.
All data are collected by an event builder and finally stored on disc. The design of
the DAQ allows data rates of≈ 80MB/s.

5Time- or Charge-to-Digital Converter
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Figure 2.20:The scheme of the DAQ.

2.5 Trigger system

The goal of the trigger system is to reduce the initial amountof events by se-
lecting those that satisfies the experimental interests. The trigger system of WASA
is drawn schematically in figure 2.21. In general, the triggers can be divided into
fastandslow triggers. Fast triggers are produced by the plastic scintillators from
all over the setup. This type of trigger is based on hit multiplicities of detector
layers, their coincidences, cluster multiplicities and track alignment in the forward
detector. The slow triggers use the information from the SEC:cluster multiplicity
and energy deposits in the crystals (e.g. so-called energy-sum trigger).

Following the scheme in the figure 2.21, the multiplicity signals are matched
and than combined into more complex trigger expressions. Depending on the fre-
quency of the triggers they can be prescaled in order to balance the event rate.
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Figure 2.21:The schematic drawing of the trigger system.



Chapter 3

Data Analysis

The data analysis includes the decoding of the digitized information, calibra-
tion of the detectors, track reconstruction and comparisonthe experimental data
with simulations. The data analysis is implemented using the software package
RootSorter (see Section 3.1), based on ROOT [45] - a techniquefor scientific
programming. The sketch of the data analysis chain is depicted in figure 3.1.

Following the scheme from the top, there are two possible inputs for Root-
Sorter: experimental data as they come from the data acquisition and simulation.
In case of simulations the desired reactions are generated using the event generator
Pluto. Then the generated events are tracked through the detector setup, described
by a GEANT3 based on Monte Carlo simulations.

Simulations are always necessary for evaluation of experimental data. The
study of the rare processes requires large event samples in order to develop the
analysis methods by considering the kinematics of the process and the detector
response.

This chapter will cover the tools that were used for simulation and for data
analysis, as well as the calibration procedures for the central detector compo-
nents, focusing on the Mini Drift Chamber. In addition the track reconstruction in
both parts of the WASA setup will be discussed. The relevant plots of the particle
identification are shown forpd→3Heη at 1GeV .

3.1 Software Tools

3.1.1 Event Generator Pluto++

An event generator is used to get correctly determined sets of Lorentz-vectors
for a given physics reaction. Pluto is an event generator entirely based on the
ROOT software package and designed for hadronic interactions like meson pro-

35
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Figure 3.1:Schematic drawing of the data analysis chain.
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duction at threshold up to intermediate energies of a fewGeV . Initially, the pack-
age had been designed for the physics program of the HADES [46]. However, its
flexible user-interface can easily be changed to suit other experiments and various
models can be included, like the Vector Meson Dominance Model.

In the following the basics for the event generation of the decayη → e+e−e+e−

is described. For pseudoscalar meson Dalitz decays the massdependence of the
Dalitz-decay width is given by [15]:

dΓk(m)

ΓA→2γdm
=

4α

3πm

√

1 − 4m2
e

m2
(1 +

2m2
e

m2
)(1 − m2

m2
A

)|FA(m2)|2 (3.1)

Formula 3.1 describes the mass sampling for virtual photons, where indexA
refers to the parent meson (e.g.η),m is the dilepton mass,me is the electron mass
andmA is the meson mass. The last factor is the parent form factor. In the first
approach forη meson this form factor was taken as one-pole approximation:

FA(m2) =
1

1 − m2

Λ2

(3.2)

whereΛ = 0.75 GeV is used according to Vector-Meson-Dominance-Model
calculations. Experimental measurements yieldΛ = 0.72±0.09 GeV based on the
single Dalitz decayη → µ+µ−γ, [29]. Both results from theory and experiment
indicate that the interaction between mesons and virtual photons proceeds via an
intermediateρ-meson.

Similarly, the double Dalitz decay of theη meson can be generated. In this
work, the influence of the form factor was neglected:FA(m2) = 1, because of
the poor statistics of the experimental data. As it was shownin figure 1.4 the
form factor influences the region of high lepton pair masses,while in the region
of low lepton pair masses the influence is small. The interference between lep-
tons, discussed in 1.3 is not considered either. In this work, the simulation of the
background channels was performed using the Pluto version 5.31.

3.1.2 Detector Simulation Monte Carlo Package

The simulation of the WASA detector is done with a Monte Carlo package,
based on the GEANT3 software [47]. The main purpose of the Monte Carlo soft-
ware package is the study of the detector response for different physical processes.
The simulation tool reproduces the properties of the experimental setup as close
as possible to reality including the construction of the setup, the material proper-
ties of the detector components together with the supporting mechanics and parti-
cle interaction with the detector material. Additional effects are implemented via
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Monte Carlo smearing filters, based on the experimentally measured values. These
filters consider such processes like electronic noises, light propagation or the drift
of electrons in gas volume. The magnetic field is included as athree-dimensional
distribution coded in a field map.

The events provided by the event generator serve as an input for the Monte
Carlo software. Each event is defined as a set of Lorentz vectors, which corre-
spond to the particles from the physical reaction. The particles interact with the
detector material and the initial values of the parameters change. The Monte Carlo
simulation covers the following important effects of particle interaction with de-
tector material: photon interaction with matter (Compton scattering, generation of
e+e− pairs, photoelectric effect), Coulomb multiple scattering, positron annihila-
tion, hadronic interaction with secondaries, energy loss,quenching effects.

The output of the Monte Carlo simulation contains the initialparameters of
the particles (as generated by Pluto) as well as the energy deposits and time infor-
mation from all detector components. It allows us to study the detector response
and efficiencies. Apart from the external input (i.e Pluto) there is a possibility to
generate single track events inside the Monte Carlo package for detailed studies
of the detector.

3.1.3 RootSorter Software Environment

The RootSorter framework is written in the C++ programming language and
based on ROOT [45]. It provides the necessary classes for lowlevel data analysis,
for monitoring during data taking as well as for high-level physics analysis. The
entire package for the WASA-at-COSY detector is under development since 2005.

RootSorter is organized in analysis modules, each module is represented by
group of classes performing certain steps in the data analysis: from decoding to
particle track reconstruction. The modular software allows to add new modules
without modification of the entire package.

The data can be classified into information units: hits, clusters (group of hits)
and the tracks. These units are stored in the appropriate containers (banks). A
hit is the response of an individual detector element (signal from single readout
channel). A cluster is a combination of hits from the same detector. Tracks of the
particles can be reconstructed by matching the clusters from the different detec-
tors. In fact, a cluster from a single detector can also be called a track, e.g. a neutral
cluster in the electromagnetic calorimeter or a charged cluster in the drift chamber.
The whole procedure of data processing can be described as follows: after decod-
ing of the information from the data stream RootSorter first fills the raw hit banks.
Then the raw hits are calibrated and stored into into calibrated hit banks. Dedi-
cated analysis modules -the cluster-finders- build the clusters from the calibrated
hits and fill the cluster banks. Afterwards,the track-findersbuild tracks out of the
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clusters. In case of Monte Carlo simulations, the calibration stage is replaced by
filters, which take into account gates and thresholds for time and energy as well
as additional smearing.

The standard analysis modules (decoding, calibration, track reconstruction)
and the raw analysis modules are the part of the software package. The high level
analysis has to be developed by the individual user. The dataanalysis was done
with the RootSorter version 3398 and ROOT version 5.24.

3.2 Calibration

A calibration of a detector is a transformation of measured digitized signals
back into physical variables. For the WASA detector there are different calibra-
tions: time and energy.

3.2.1 Calibration of Straw Tube Detectors

Calibration method
The currently used calibration method for the straw tube detectors is based on the
integration method, described in [48]. This method determines the relationR(t)
between drift time and drift distance. It is based on the following assumptions:

• the tube works with 100% efficiency without noise, it impliesthat all mea-
sured times correspond to correct drift distances,

• the track distributiondn
dr

along the tube radius is uniform:dn
dr

= const =
Ntotal

Rtube

, whereNtotal is the total number of registered tracks,Rtube is the tube radius
corresponding to the maximum drift distance.

The drift velocity can be calculated:

V (t) =
dr

dt
=
dn

dt

dr

dn
=
Rtube

Ntotal

dn

dt
, (3.3)

The drift distance is expressed by integral of the equation 3.3 over time:

R(t) =
Rtube

Ntotal

∫ t

0

dn

dt
dt (3.4)

wheret is the drift time of the track inside the tube.

Calibration procedure
The mini drift chamber calibration is based on the drift timemeasurement which
is later converted into drift distances. The calibration isa two-stage procedure.
The first step is theT0 determination, i.e. the time alignment of all straw tubes
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relative to the main trigger signal. The second step is a determination of thetime-
to-distance relation, i.e. a transformation of drift time into the distance inside
the individual straw tube. As an input for calibration serves the time in units of
the TDC-channels delivered from the raw hit bank. The output of the calibration
procedure are two tables: the first one contains theT0 constant for each tube, the
second one contains the parameters for the calculation of the distance. The calibra-
tion procedure must be performed for stable operational conditions (high voltage,
thresholds on electronics, gas mixture) and repeated in case of any changes of
electronic modules or cables.

The time is measured relatively to the trigger signal which may vary event by
event, therefore, only events from one specific trigger are selected. An ideal reac-
tion for the mini drift chamber calibration (and for the plastic scintillator barrel as
well) is inelastic proton-proton scattering:pp→ dπ+ at 600MeV . It provides one
charged particle in the central detector (π+) and one charged particle in the first
plane of the forward range hodoscope (d). The reaction can be tagged by using
the angular correlation of the two-body process. The remaining background has
an almost flat shape which can be easily subtracted during thetime-to-distance
parameterization.

Time alignment. The typical raw time spectra for the mini drift chamber are
shown in figure 3.2. The time is measured individually for each tube and runs
from right to left (common stop mode). As a reference position for T0 = 0 on the
raw time spectra the wire position is selected (marked in red), which defines the
individual time offset for a straw tube. These time offsets are determined by fitting
of the raw spectra from each straw tube by a Fermi function given by:

f(x) = P3 +
P2

1 + e
x−P0

P1

(3.5)

The greatest value at 20% of the maximum of time spectrum and the parameter
P3 of the Fermi function are selected as individual time offset. A corresponding
table is filled with the acquired time offsets.

Time-distance parameters.After the determination ofT0 and he time align-
ment the second step is the extraction of the time-distance parameters, which con-
vert the drift time into the drift distance inside the tube. Based on the cylindrical
symmetry of the chamber the time-to-distance parameters are calculated individ-
ually for each layer. As discussed in section 2.3.1.1 one of the features of the used
gas mixture is its linearity - it provides a constant drift velocity along the radius of
tube. Therefore, in the first approach, only one parameter isused to describe the
time-distance relation: the drift velocity.

There are two general steps to extract this parameter: subtraction of the back-
ground and integration of the time spectra. Fermi and reversed Fermi functions
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Figure 3.2:Raw time spectra from the individual straw tubes of the mini drift chamber
are fitted with a Fermi function. The time corresponding to the wire position is marked in
red. The maximum of the time spectra is marked in yellow. The data are from the reaction
pp → dπ+ at a proton beam energy of600MeV from April 2008.

Figure 3.3: Calibrated time spectrum:
the wire position is marked in green,
the wall position is marked in red.

Figure 3.4:Drift function for the tubes
with 8 mm diameter (green line) and linear
fit (red line).
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were used for fitting and defining lower and upper boundary: the wire and the
wall position. The limits of the drift region are marked in the figure 3.3.

Using the integrated time spectra one can obtain the drift function for each
layer. As shown in figure 3.4, the drift function is linear in awide range, a devi-
ation occurs only in the region very close to the wall of the tube, which is due to
detection inefficiencies of the tube itself.

Finally, two tables with constants describe the calibration of the mini drift
chamber: the individual time offsets for each tube and the time-distance parame-
ters for each layer.

A new generation of the Mini Drift Chamber calibration procedure was per-
formed in May 2009, as an extension of the existing one. It includes the time-
distance relation individually for each tube and stores thecomplete shape of the
drift function. Furthermore, the time alignment of the tubes is done relatively to
the time of the plastic scintillator barrel. These changes make the calibration more
precise for drift distance determination.

3.3 Charged Track Reconstruction

The track reconstruction is one of the last stages in the analysis chain and the
very first step in the physics interpretation of the data. Thetrack of the particle
is reconstructed from the clusters of different detectors.The detector clusters are
merged together by checking the geometrical overlap of hit elements and their
timing. The allowed overlap regions and time windows are defined in input files
and can be tuned in order to achieve optimal conditions. The cluster and track
finding procedures differ depending on the detector geometry and type.

There are two categories of charged tracks: charged tracks in the central de-
tector and charged tracks in the forward detector. Charged tracks in the central
detector at least require a plastic barrel cluster and a minidrift chamber cluster or
calorimeter cluster. The calorimeter cluster is optional and will add energy infor-
mation for the track. In this work the charged track in the central detector must
contain the mini drift chamber cluster and plastic barrel orcalorimeter cluster. The
mini drift chamber participation, providing the momentum of the track, is a must
for a four-vector reconstruction.

Charged tracks in the forward detector must contain at least one cluster in any
of the forward scintillators. The neutral tracks in the forward detector are defined
as not containing clusters in the thin forward scintillators, but a cluster in the
forward range hodoscope planes. In the context of this work only charged tracks
in the forward detector are used.
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3.3.1 Central Detector

The track finding in the central detector is based on matchingthe clusters
provided by each component: mini drift chamber, plastic scintillator barrel and
calorimeter. Each of the component is a different type of thedetector and there
are separate track finding procedures.

3.3.1.1 Hit Clustering in the Mini Drift Chamber

The charged track reconstruction in a magnetic field is one ofthe difficult tasks
in experiments. The track reconstruction in the MDC is divided into two steps: the
pattern reconstruction and the full fitting. The pattern reconstruction works with
hit patterns and provides first particle trajectories. The track parameters found by
it serve as an input for the full fitting. The full fitting is intended to refine the
track-helices provided by the pattern reconstruction.

Currently, three pattern reconstruction algorithms are available:Dubna-algorithm
(historical title),Spanning TreeandSimple. The Dubna-algorithm routine can be
implemented for any tracking device with a cylindrical geometry. The full fitting
is more specific for the detector and was adapted for the WASA setup.

The Pattern Recognition

The pattern recognition performs the recognition of hit patterns by fitting he-
lices. The algorithm assumes a homogeneous magnetic field inside the mini drift
chamber parallel to theZ−axis and describes the particle tracks as regular helices
with an axis also parallel to theZ−axis, see figure 3.5. The helix is described by
six parameters:

R0 - the distance in XY-plane from the helix axis to the origin,
Φ0 - the azimuthal angle of the helix axis in XY-plane,
R - the radius of the helix,
Q - the charge of the particle, determined from the direction of curvature,
θ - dip angle giving the inclination of the tangent with respect to theXY−projection,
z0 - the z-coordinate of the closest approach of the helix to theorigin.
The parameters are illustrated in figure 3.6. The algorithm fits the helices to

the hit patterns by applying multi-model regression methods. First, the tracks are
treated as projections onto the XY-plane, where the drift distances are used for
minimization of the weighted sum of the distances to the center of each circle. At
this step the information only from the axial layers is used.

After the circle is identified the following parameters are fixed:Φ0,R0,R and
Q. The helix 3-D ambiguity will be solved after using theZ−information from
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Figure 3.5:The trajectory of the charged particle reconstructed by the pattern recognition
as a regular helix with axis parallel to the Z-axis of the WASA coordinate system. Taken
from[31].

Figure 3.6:Depiction of the helix parameters. Left:R0, R andΦ0 parameters of the circle
in the XY-plane, the direction of the circle is defined by the chargeQ. Right: 3-D picture
of thez0 andθ parameters. Taken from[31].
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stereo layers. The coordinates of the closest point of the track with respect to the
inclined tube axis can be found. The same multi-model regression methods, as in
the XY-plane, are used in order to find the last two parameters: z0 andθ.

Thus, the half-helix is described by the following equations:

z = z0 +
R

tan(θ)
arccos(

R2
0 +R2 − r2

2R0R
) (3.6)

φ = φ0 +Q arccos(
R2

0 −R2 + r2

2R0r
) (3.7)

where ther is the distance inXY−plane from the origin, point (0,0,0), to
given helix point,φ is azimuthal angle of this point. More details can be found in
[51]:

The Full Fitting

The tracks found by the pattern recognition are reconstructed with limited pre-
cision due to the several model assumptions (uniformity of the magnetic field, the
track was approximated by a helix). The helix parameters canbe further improved
by including important physical effects: the nonuniformity of the magnetic field,
energy loss and multiple Coulomb scattering. This is done by the full fitting. It
does not only provide track parameters but also their covariance matrix.

By applying a Kalman filter [52] the tracks can be traced back from the outer
layers to the beam axis to search for vertices. The Kalman filter method provides
a successive and efficient way to estimate the state vector ofa process by mini-
mizing the mean of the squared error. The filter uses the measurements containing
noise (random variations) and other inaccuracies. The mainsteps in the Kalman
filter algorithm are: prediction, correction and smoothing. In case of the full fitting
program, the state vector is defined by 3.8, which is updated by the filter.

T = {q
p
, λ, φ, d0, z0} (3.8)

where q

p
is a signed curvature,λ is the dip angle,φ is the azimuthal angle,d0

is the shortest distance toz-axis andz0 is thez-coordinate at that point.
Following the track points, the parameters of the trajectory are progressively

improved by adding new information at each measurement point. A more detailed
description of the Kalman filtering method can be found in [53], [54].
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Figure 3.7:Monte Carlo studies based on single electron events: the difference between
the reconstructed momentum and the true momentum plotted versus the scattering angle.
Left: Pattern Recognition, right:Full Fitting. The effects at the low and high angles are due
to the nonuniformity of the magnetic field which are corrected by using the Full Fitting.

Performance of the Track Finding Routines

After processing the tracks in the full fitting procedure theparticle trajectories
are no longer the regular helices but curling helices. The parameters of the trajec-
tories are changed which leads to a different momentum reconstruction by pattern
recognition and full fitting. Qualitatively, the effect is shown in figure 3.7, where
simulated single electron events were studied. The electrons were simulated in the
energy range of (20,500)MeV and the scattering angle range of (20◦,170◦). As
it can be seen on the left panel, where the reconstructed momentum is provided
by the pattern recognition, there is a systematic shift at the side regions where the
magnetic field is most nonuniform, while in the right panel, where the momentum
was reconstructed by the full fitting, the shift is gone.

As any fitting routine the full fitting must have certain operation parameters,
they are the spatial resolution and the mass of the particle.In the frame of this
work the mass of an electron was used as the mass parameter in all analysis steps.
The effects of using different spatial resolutions on the momenta resolution are
shown in figure 3.8. In the left panel the momentum resolutionas a function of
particle momentum is shown. In the right panel the momentum resolution as a
function of scattering angle is shown. As it can be seen, a smaller spatial res-
olution provides the higher momentum resolution. The common behavior of the
momentum resolution for small and large scattering angles is due to the geometry:
the lower number of the layers participating in the track reconstruction at low and
high scattering angles, resulting into a smaller number of measuring points and,
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Figure 3.8:Left: Relative momentum resolution (Y-axis) as a function particle momen-
tum (X-axis). Right:and as a function of scattering angle, right panel.The influence of
the different spatial resolution on the momentum resolution for single electronevents: the
black line represents the Pattern Recognition results, the colored curves are the Full Fitting
results with different hypothetical spatial resolution. a) the relative momentum resolution
as a function of momentum b) the momentum resolution as a function of scattering angle

thus, into a worse resolution.

The real spatial resolution can be obtained from the best agreement of simu-
lated and experimental data analyzed with different spatial resolutions. By study-
ing the residual distributions defined as the difference between measured drift
distance and the true distance of the fitted track to the wire of the straw tube, the
optimal spatial resolution was found as 325µm in [41].

The comparison of different pattern recognition algorithms is shown in figure
3.9. The studies are based on single tracks of electrons. Thepattern recognition
Simple is based on the information from axial layers of the drift chamber, while
others use the full 3-D information, and, therefore, the pattern recognition Simple
can not be compared with the Dubna and Spanning Tree algorithms. The Span-
ning Tree can be used both for straight (without magnetic field) and curved (with
magnetic field) tracks. It usesline andcircle models. The efficiencies of both al-
gorithms turn out to be similar: the Dubna-algorithm has systematically lower
efficiency by∼ 5% than the Spanning Tree, however the analysis speed is slower
in case of the Spanning Tree. The efficiency as a function of momentum and scat-
tering angle is shown in figure 3.10. The regions of lower efficiency are visible for
low and high scattering angles. The effect is explained by reduced number of the
layers contributing to the tracks with such scattering angles, the same as for the
momentum resolution, see figure 3.8.
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Figure 3.9:Monte Carlo studies based on single electron events, the red curve represents
the Dubna algorithm, blue - Spanning Tree with a circle, green - Spanning Tree with
a line. Left: efficiency reconstruction as a function of azimuthal angle: two inefficient
regions at90◦ and 270◦ are due to the pellet tube. Right:efficiency reconstruction as
a function of momentum: the Spanning Tree algorithm with an assumption of straight
tracks has significantly lower efficiency for low momenta electrons since such tracks have
small radii and the probability to fit them by straight lines is low.

Figure 3.10:Monte Carlo studies based on single electron events: efficiency as a function
of momenta and scattering angle of electrons. Left:Dubna algorithm results, right:full
fitting results.
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3.3.1.2 Hit Clustering in the Plastic Scintillator Barrel

A cluster in the Plastic Scintillator Barrel can be formed by on single hit or
by two hits from neighboring elements if the hits satisfy certain criteria: a mini-
mum deposited energy∆Emin = 0.5MeV and a time difference between them
∆Tmax ≤ 10 ns. The for single hit is assigned to a cluster if the energy deposit is
above the minimum deposited energy. The average time of the hits contributing to
the PSB cluster defines its time information. The deposited energy of the cluster
is taken from the hit with the highest energy deposit.

The angular information delivered by the PSB cluster is unilateral: the az-
imuthal angle is calculated as the average among the fired elements contributing
to the cluster and the polar angle is not determined by the PSB.

3.3.1.3 Hit Clustering in the Calorimeter

A photon and charged lepton reaching the calorimeter produces an electro-
magnetic shower which is spreading over a group of neighboring crystals. The
crystals belonging to the same electromagnetic shower forma cluster. The cluster
finding routine is intended to identify these crystals and assign them to one cluster.

The hit with the highest deposited energy is chosen as the center of the clus-
ter. The neighboring crystals checked for associated hits are added if they satisfy
timing and energy criteria. The time difference between thecentral and associated
hits has to be less than 50ns and the energy deposit has to be greater than 2MeV .
In addition there is the requirement for a formed cluster to have a total deposited
energy of at least 10MeV . The energy of a cluster is taken as the sum of the
contributing hits, the time of a cluster corresponds to the time of the hit with the
highest deposited energy. The position of the cluster is defined by the weighted
sum of the positions of the individual crystals3.9:

−→
X =

∑

iwi
−→xi

∑

iwi

(3.9)

where the weights are based on the energy deposits in the crystals:

wi = MAX{0,W0 + ln
Ei

∑

iEi

} (3.10)

Thus, the reconstructed clusters provide a complete information for four-vector
of a particle.

3.3.1.4 Track Assignment in the Central Detector

The track assignment in the CD is based on the geometrical overlap of clus-
ters from different components and time coincidence of the clusters from Plastic
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Cluster combination Type Matching information

MDC, PSB, SEC charged ∆φ,ΘPS,∆Ω,∆T
MDC, PSB charged ∆φ, θPS

MDC, SEC charged ∆Ω
PSB, SEC charged ∆φPSB−SEC ,∆T

MDC charged
PSB charged no momentum information
SEC neutral

Table 3.1:Tracks in the Central Detector

Scintillator Barrel and Electromagnetic Calorimeter. A charged track consists at
least of two clusters from different CD components and a neutral track is defined
as a solitary cluster from the Electromagnetic Calorimeter.There are four possi-
ble combinations of the CD clusters forming the tracks and three combinations
for solitary clusters, summarized in the table 3.1. The firstthree types of tracks
are considered in this work as charged tracks and the neutraltrack is defined as a
solitary cluster in Electromagnetic Calorimeter.

The CD track finder operates on the cluster banks from the CD subdetectors.
The matching scheme between the clusters is depicted in the figure 3.11: the clus-
ter parameters used for matching are shown. The first step of the procedure is
to check cluster combinations of the Mini Drift Chamber and the Plastic Scin-
tillator Barrel. The condition of their matching is based on the difference of the
azimuthal angles∆φMDC−PSB from cluster of the Plastic Barrel (φPSB) and the
exit coordinate of the cluster of the drift chamber (φexitMDC). The distribution of
the difference is shown in the figure 3.12:∆φMDC−PSB should be smaller than
10◦. The condition for polar angles is limited by the Plastic Scintillator geometry:
it is checked that the exit coordinate of the MDC track is within the polar angular
range of the PSB element.

Afterwards the MDC and PSB clusters are combined with the calorimeter
clusters. For this purpose the direction of the track in the drift chamber cluster
is extrapolated to the calorimeter by a straight line. The opening angle between
the extrapolated position of drift chamber cluster and the calorimeter cluster itself,
labeled in the figure 3.11 asΩ, is used for evaluation: figure 3.13 shows that the
opening angle has to be smaller than 20◦.

The matching of the Plastic Scintillator clusters with the calorimeter clusters is
based on a twofold comparison: the difference of the azimuthal angles and the time
difference of the clusters. Figure 3.14 shows both distributions where a maximum
difference of azimuthal angles is 20◦ and a maximum difference in time was taken
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Figure 3.11:Matching scheme between the cluster banks during track reconstruction in
the Central Detector.
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Figure 3.12:The experimental difference
between the azimuthal angles of the exit
coordinate of the drift chamber cluster and
the azimuthal angle of the Plastic Scintil-
lator cluster. The red dotted verticals rep-
resent the maximum allowed difference of
10◦.

Figure 3.13:The experimental distribu-
tion of the opening angle between the
extrapolated drift chamber cluster and
the calorimeter cluster. The condition for
merging is shown by red vertical:Ω ≤ 10◦.

as 35ns. All distributions are based on data from the beamtime in September-
October, 2008 forpd→ 3Heη reaction at 1GeV .

Thus, in the first step of the track reconstruction all drift chamber clusters
have been merged with the clusters of the Plastic Scintillator and/or the calorime-
ter, or were identified as solitary tracks. In the second stepthe remaining Plastic
Scintillator clusters are checked with the calorimeter clusters. Neutral tracks are
identified as remaining calorimeter clusters.

The conditions for track assignment have to be checked for each beamtime
period individually, since the calibrations may change thedetector response.

3.3.2 Forward Detector

The track reconstruction in the Forward Detector is based onmatching of clus-
ters from hits in neighboring elements of each subdetector layer. The clusters are
found by time coincidence and position of the hits. The average of the time and
angular information from the hits define the cluster. The energy of the cluster is
the sum of the energies from the hits contributing to it. Single hit is assigned to
cluster if it has energy deposit above threshold.

The basis for the charged track reconstruction is the Forward Trigger Ho-
doscope due to its special geometry resulting in a pixel structure, see Section
2.3.2.3. The FTH elements are checked for a geometrical overlap of hits in all
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Figure 3.14:Experimental distributions of the difference between azimuthal angles of
the Plastic Scintillator and the calorimeter clusters (left) and their time difference (right).

three layers. The overlapping elements are combined into pixels which define a
track. Such tracks contain a rough angular information, assuming the interaction
point as one belonging to the track. At this stage the angularinformation from the
Trigger Hodoscope can be refined by involving the Forward Proportional Cham-
ber. Due to the high granularity of the wire chamber the angular resolution can be
improved.

Subsequently, the track finding routine searches in the Window Counter, the
Range Hodoscope and the Veto Hodoscope layers for clusters. These clusters are
checked for an azimuthal overlap, a small time difference and a minimum de-
posited energy.

3.4 Particle Identification

The particle identification in WASA is based on∆E − E or ∆E − P tech-
niques, governed by the Beth-Bloch formula [55]. The∆E − E method implies
the correlation of the deposited energy and full (kinetic) energy of charged par-
ticles by different scintillator detectors. The∆E(E) − P method is used when
measuring charged particles in a magnetic field: the deposited or full energy of
the particle measured by a scintillator detector or a calorimeter is plotted versus
the momenta provided by a tracking device.

3.4.1 Charged Particles in the Central Detector

A particle in the Central Detector is identified by its momentum and energy
deposit in the plastic scintillator or calorimeter. The combination of all three com-
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Figure 3.15:Monte Carlo simulation ofη → π+π−e+e− decay in the reactionpd →
3Heη at 1 GeV. Identification of electrons and pions in the Central Detector. On the Y-axis
of the left panel is energy deposited in the Plastic Scintillator(central part), on the Y-axis
of the right panel is the energy deposited in the calorimeter, on the X-axis ofboth panels
is the momentum inGeV/c units multiplied by charge of particle.

ponents provide three possible correlation plots for particle identification:

• energy deposit in the plastic scintillator correlated withthe momentum from
the drift chamber,∆E − P method

• energy deposits in the calorimeter correlated with the momentum from the
drift chamber,E − P method

• energy deposit in the Plastic Scintillator correlated withthe energy deposit
in the calorimeter,∆E − E method

The first two identification methods allow us to distinguish between electrons
and pions and their charge state. The simulated decay channel η → π+π−e+e−

was used for demonstration. As it can be seen from the left panel of figure 3.15,
the bands of leptons and pions start to overlap at momenta 0.12 GeV/c. At this
momentum region the second method can be used, involving energy deposit in
the calorimeter (the right panel of the figure 3.15). Charged leptons deposit their
total energy in the calorimeter resulting in a linear correlation of momentum and
deposited energy. The pions as hadrons do not produce electromagnetic showers
like electrons and positrons and deposit only part of their energy (the lower bands
in the right panel of the figure 3.15).

In case of experimental data such plots are less illustrative as pions are domi-
nating. In the figure 3.16 the same plots as in the figure 3.15 are shown based on
the experimental data: exactly two positively and two negatively charged tracks
were selected and their energy deposits in the Plastic Scintillator and calorimeter
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Figure 3.16:Experimental data: energy deposited in the central part of the Plastic Scin-
tillator versus momentum on the left panel and energy deposited in the calorimeter versus
momentum on the right panel. The dotted lines on the right panel represent the linear
correlation between energy and momentum, which is a characteristic of electrons and
positrons. There are hardly visible structures following the lines corresponding to elec-
trons and positrons bands.

were plotted versus their momentum from the drift chamber. The pion bands are
significantly pronounced and overshadow the bands of electrons and positrons.
Analogical plots are shown in figure 3.18 under more stricterconditions: the
invariant mass of both hypothetical lepton pairs (a pair of tracks with opposite
charge) were required to be smaller than 0.1GeV/c2 - this condition rejects the
pion contribution significantly, as it will be discussed in the section 4.6. The lepton
bands become more pronounced although with poor statistics. Particle identifica-
tion plots for single Dalitz ofη are shown in the figure?? under the final cuts for
the decay products: the invariant mass of lepton pair is smaller than0.1 GeV/c2,
the missing mass of the decay products in the interval2.6 − 2.9 GeV/c2 and the
missing mass of3He is in the interval0.535 − 0.560 GeV/c2.

The third identification method does not involve the Mini Drift Chamber and
is, therefore, momentum independent. This method is effective for separation of
particles which deposit far different energy in the plasticscintillator and calorime-
ter in order to provide as much as possible distanced particle bands.

3.4.2 Charged Particles in the Forward Detector

The particle identification in the Forward Detector is basedon the∆E − E
technique. A variety of scintillator counters in differentgeometries and lengths
measure the deposited energy as well as the full energy of particles with differ-
ent masses from pions to4He-ions. Particle determination is done by comparing
the total deposited energy in the Forward Range Hodoscope layers to the partial
energy depositions in the thin scintillators of the ForwardDetector.

In the figure 3.19 some identification plots are shown for the reactionspp →
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Figure 3.17:Upper row:a Monte Carlo simulation forη → e+e−e+e−, the lower row:
are experimental data showing the whole sample from the beamtime in September-
October, 2008.

Momentum,GeV/c 
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

En
er

gy
 d

ep
os

its
, G

eV

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Momentum,GeV/c 
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

En
er

gy
 d

ep
os

its
, G

eV

0

0.002

0.004

0.006

0.008

0.01

Figure 3.18:Final sample ofη → e+e−γ in data, whole sample from the beamtime in
September-October, 2008.
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Figure 3.19:Experimental distributions: particle identification in thepp → ppη reaction
at 1.4GeV (left) and in thepd → 3Heη reaction at 1GeV (right). On the left panel the
correlation between the energy deposited in the first layer of the Range Hodoscope on the
Y-axis and total energy deposited in all five layers of the Range Hodoscope is shown. On
the right panel other correlation involving sum of energies in the first layer of the Trigger
Hodoscope and both layers of the Window Counter versus energy deposited in the first
layer of the Range Hodoscope is shown.

ppη at 1.4 GeV andpd → 3Heη at 1 GeV . Well distinguished bands of particles
are visible, which can be separated by simple graphical cuts(shown by red con-
tour), or by more sophisticated methods. The descending band inside the graphical
cut (left panel of the figure) corresponds to the protons stopping in the first layer
of the Range Hodoscope, ascending band is due to the protons penetrating through
the layer. The right panel shows an other correlation using three components of the
Forward Detector:π, p, d and3He bands are visible. In both panels of the figure
3.19 the pions are minimum ionizing and only visible at low energy deposits.
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Chapter 4

Analysis of theη Double Dalitz
Decay

This chapter gives an overview of the analyzed data, describes the analysis
steps for the tagging of theη → e+e−e+e− decay in data. The features of the
tagging reaction are discussed. The analysis of the normalization channelη →
e+e−γ is presented as a main background channel for theη → e+e−e+e− decay.
Finally data and simulation are compared.

4.1 Tagging Reaction

In order to study a decay channel of theη meson, especially a rare decay, one
should think about its production and define the reaction andthe beam parameters
for the experiment. In the combination WASA and COSY two main methods are
used to produceη mesons:

• the reactionpp → ppη at a proton beam energy ofT = 1.4GeV , where the
η meson production cross section isσ = 9.8± 1.0µb [56],

• the reactionpd → 3Heη at a proton beam energy ofT = 1.0GeV , where
theη meson production cross section isσ = 0.412± 0.016µb [57].

These methods have different advantages and complement each other in the
studies of differentη decay channels.

The reactionpd → 3Heη has a lower cross section forη meson production
than the reactionpp → ppη, but there are several important arguments to use it
instead of the proton-proton interactions:

• 3He-ions can be easily identified in the Forward Detector and serve as a
very selective trigger forη mesons in the reactionpd → 3Heη. A typical

59
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Figure 4.1:Unbiased distribution of the missing mass3He from experimental data. The
blue curve represents a combined function of a Gaussian and a polynomialof third order.
The values of the parameters of the Gaussian fit are shown: the parameterp6 corresponds
to the missing mass resolution ofσ ∼ 3 MeV . Events with exactly one3He track were se-
lected satisfying the conditions on energy deposits in the first layer of Range Hodoscope,
both layers of Window Counter and the first layer of Trigger Hodoscope.

distribution of the missing mass of3He after tagging the3He ions by the
∆E − E technique resulting in a clear peak atη mass with a width of∼ 3
MeV is shown in figure 4.1 for unpreselected data.

• significantly lower background: the cross section of two pion production in
pd interactions is at least 20 times lower than inpp interactions. According
to figure 4.1 the ratio of theη signal to background is∼ 1:1.

• tagging of theη mesons by the mentioned trigger does not put any condi-
tions on theη decay system and, therefore, allows us to measure the abso-
lute number of theη mesons and absolute branching ratios of theη decay
channels.

Summarizing the advantages of the reactionpd → 3Heη, one can conclude
that a clear signal of theη mesons in experimental data allows to focus on the
analysis of the specific decay and control the signal of thisη decay on different
stages of analysis chain in the Central Detector. This can be done by monitoring
the 3He missing mass distribution for each introduced conditionon the decay
system. Thus, the reactionpd → 3Heη is a very revealing tool especially for rare
η decays. The developed methods for tagging of rareη decays in the central part
of WASA can later be used in the analysis of the reactionpp → ppη with minor
modifications.

Among the disadvantages is that the data on the cross sections of prompt pion
production that are not available from this reaction at a beam energyT = 1 GeV .
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Beam energy 1GeV
Beam momentum 1.7GeV/c
Pellet rate 7 - 10kHz
Cycle duration 100s
Data recording within cycle ∼90s
Particles on flat top 5×109

Main trigger fwHea1|fwHeb1|fHedwr1
Magnetic field at (0,0,0) point 0.85T
DAQ life time 90%
Total number of analyzed runs 980
Sequences of analyzed runs 10392 - 11301, 11456 - 11525

Table 4.1:Experimental conditions and run characteristics during the beamtime in Octo-
ber, 2008

However, cross section measurements were done at similar energies forpd →3

Heπ+π−π0 and pd →3 Heπ0π0π0, see [60], forpd →3 Heπ+π− and pd →3

Heπ0π0 in [61]. The method of subtracting the contributions from prompt pion
production will be discussed in subsection 4.6.2.

4.2 Run Information

The data presented in this work were taken during a beamtime of four weeks in
October, 2008, using the reactionpd→ 3Heη, where a proton beam with a kinetic
energy ofTbeam = 1 GeV (Pbeam = 1.7GeV/c) interacted with deuterium pellet
target. The important characteristics of the beamtime are summarized in table 4.1.

The cycle starts with beam injection: protons are accelerated in cyclotron to
the injection energy and then they are injected into the COSY ring, where they
are accelerated to the energy of1 GeV . During the cycle the beam is stored and
interacts with the pellet target. The duration of the cycle is defined by beam losses
due to beam-target interactions. In this beamtime it was setto 100s. During such
a period the beam current is dropping down typically by a factor of 2 and at the
end of the cycle the remaining beam is dumped.

At beam injection and dumping the beam can interact with the beam pipe
and other passive material close to WASA producing high counting rates, which
are dangerous for the detectors. Due to that the voltages of the wire chambers are
reduced during the beam injection and dumping. The high voltage modules receive
the signal for ramping up after beam injection attv = 3.4s and the detectors reach
the operational values after a few seconds. Next, attt = 7 s, the vacuum shutters
open for the target system and the data acquisition system starts data recording.
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Figure 4.2:A typical beam cycle with rates: on theY −axis the counting rate for different
observables is shown, on theX−axis is the time in the cycle. The beam current (black
curve) is provided by a beam current transformer (BCT) in arbitrary units and scaled up by
factor of 3. The pellet rate is given per second (grey curve). The rates of triggers accepted
by DAQ (Trigger accepted, in blue) and all input triggers (TriggerIN, inred) are scaled up
by factor of∼ 10 here.

In the end of the cycle the voltages on the detectors are ramped down before the
beam is dumped.

A typical beam cycle is shown in figure 4.2 with some importantrates: the
beam current, the pellet rate and three trigger rates. The moment of starting data
taking can be tracked by the rising trigger rates.

4.3 Experiment Trigger

Identification of3He-ions on the trigger level is defined as trigger number 10
and used as main trigger. The trigger was organized in the following way to select
events with at least one track satisfying the following criteria:

• the track must have a high energy deposit in both layers of theWindow
Counter, labeled asfwHea1andfwHeb1respectively,

• the track is found by the Track Matching procedure [58], labeled asfhdwr1,
where "1" means at least one found track.

The Track Matching procedure is intended to increase the selectivity of the
trigger by checking the elements of the Window Counter, Trigger Hodoscope and
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Figure 4.3:Signal of theη in data. Left panel: identification of3He ions in raw data by the
ODIN analysis.3He band is clearly visible and is well separated from proton and deutron
bands. The red contour represents the graphical cut for selecting events with tracks inside
the marked region. Right panel: missing mass of3He based on the preselected sample:
the blue line represents the polynomial fit of the background and green filled area is the
signal distribution after background subtraction.

Range Hodoscope for overlap in azimuthal angle (φ). These conditions only ef-
fect the Forward Detector and lead to an unbiased sample of the η mesons in the
Central Detector.

4.4 Preselection and Calibration Sets

The data files provided by DAQ (raw data) were preselected by the ODIN
analysis [59]. The preselection was based on the online calibration and aimed to
select events with at least one track potentially associated with a 3He track. The
3He identification was based on the∆E−E technique, which is shown in the left
panel of the figure 4.3: the sum of energy deposits in both layers of the Window
Counter and the first layer of the Trigger Hodoscope versus energy deposit in the
first layer of the Range Hodoscope. The well enhanced3He band was selected by
a graphical cut, shown as a red contour. Thus, the preselected sample contains all
possiblepd → 3HeX events. These preselected data were analyzed in this work.
A qualitative comparison between raw and preselected data is shown in figures
4.4 and 4.5, where the left side plots are based on raw data andthe plots to the
right are for data after the3He preselection. As it can be seen from the figure 4.4
the 3He band becomes more pronounced after the preselection. Thesame effect
is shown in the figure 4.5, the signature of the two body reaction, expressed in a
"rising moon shape", becomes more enhanced.

The selected sample contains events from prompt pion production along with
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Detector calibration set valid for run periods
Mini Drift Chamber 10314 - 11525 (new generation)
Plastic Scintillator Barrel 10314 - 11525
Calorimeter 10314 - 16303
Window counter 3482 - 13776
Trigger Hodoscope 6795 - 11525
Range Hodoscope 10314 - 11301, 11455 - 11525
Proportional Chamber 10314 - now
Veto Hodoscope 10314 - now

Table 4.2:The calibration sets for the detector components used for the analysis.

the η-signal. The vector of the missing particleX can be reconstructed, since
beam and target parameters are known and the3He track is reconstructed by the
Forward Detector, therefore~X = ~P + ~D− ~3He. The mass ofX (the missing mass
of 3He) can be calculated by:

MM(3He) =
√

(Ebeam +md − E3He
)2 − ( ~pbeam − ~p3He

)2 (4.1)

The missing mass provided by equation 4.1 is shown in the right panel of
figure 4.3 for the whole data sample after3He preselection. Theη signal obtained
after background subtraction counts roughly 10.7 millionη-s (calculated with the
Forward Detector).

The missing mass distribution with its pronounced peak atη-mass will be used
for monitoring theη content in the experimental data and simulations at different
stages of the analysis chain and finally will serve as a tool for calculating the
η → e+e−e+e− admixture in the data sample.

The calibration sets used for the analysis are described in table 4.2. The com-
ponents of the setup used for the analysis were calibrated for this run period or for
previous beamtimes.

4.5 Signal and Background Simulation

4.5.1 Background Studies

Background studies have to take into account two parts: the cross section or
branching ratio of the potential background channel and specific features of this
channel (number and type of particles in the final state, the topology of the parti-
cles in space, the life time of the decay products etc.).

The cross section of the background channel corresponds to the probability in
which degree it contributes to the final signal. The specific features of the back-
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Figure 4.4:3He identification in data: raw data in the left paneland after3He
preselection on the right panel. On theY −axis is the sum of the energy deposits
in both layers of Window counter and Trigger Hodoscope and on theX−axis
is the energy deposited in the first layer of the Range Hodoscope. The same run
(10876) was used.
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Figure 4.5:The signature of two body reactionpd → 3HeX: the scattering angle
of the potential3He track on theX−axis and the energy deposited in the first
layer of the Range Hodoscope on theY −axis. The same run (10876) was used.
Left panel represents the raw data, rightpanel is based on the preselected data
after3He selection. The "rising moon" shape becomes more enhanced, indicating
thepd → 3Heη reaction.
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ground channel reveal its behavior under cuts and define the acceptance for the
background channel. The probability for background channel to contribute to the
final sample of event candidates is defined first of all by the same final state as sig-
nal events. This includes particle misidentification, photon conversion and event
overlap. Then, the distributions of observables for background channel can be
completely different to the signal. For example, identicalfinal states (four charged
tracks) of the background channel and the signal channel canresult in different re-
gions (invariant mass of pions calculated with a mass of electron will be shifted),
that can be used for background subtraction. Therefore, a high cross section of the
background channel does not necessary mean a major contribution.

The analysis method (e.g. events selection, used cuts) is very revealing for the
background consideration. The channels with muons were found to have a negligi-
ble contribution to the final state of the decay of interest. The channelη → µ+µ−γ
was studied, where the photon can convert into ae+e− pair. This contribution was
found very low: only 24 events out of one million of simulatedsurvived the final
cuts. This can be explained by high penetration ability of muons without interact-
ing with detector material.

There can be artificial background sources due to the properties of the setup
and data taking. One of them is possible event overlap duringdata taking: by this
effect the particles from random coincidences can be joinedinto the same event
and thus fake the final state identical to the signal. It becomes unavoidable effect
while comparing experimental data and Monte Carlo simulation: in the last case
such phenomena do not exist at all. In order to study the effect of event overlap on
the branching ratio the events with more or equal than four tracks were considered.

4.5.2 Simulation Channels

The current experimental upper limit for the branching ratio of theη → e+e−e+e−

decay is 6.9×10−5 [19], the predicted branching ratio from Quantum Electrody-
namics gives 2.6×10−5 [21]. The very low branching ratio of the signal channel
implies that the possible background channels have to be studied carefully. In this
work the channels with branching ratios larger than the experimental upper limit
for the branching ratio of the decayη → e+e−e+e− were considered. The signal
channel was simulated for the QED case as it was discussed in 3.1.1. Table 4.3
presents the simulated background channels.

The background for the decayη → e+e−e+e− can be divided into two sources.
The first source is caused byη decays which can contribute to the same final state
asη → e+e−e+e−. Among them the channels with photons are significant since
the probability of photon conversion in the 1.2 mm thick beryllium tube wall is
3×10−3, which results in values comparable with the branching ratio. Table 4.4
contains the first estimate of the background admixture fromthe decays with pho-
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Channel BR Number of events
η → e+e−e+e−: 6.9×10−5 (u.l.) 100 × 103

η → γγ 3.93×10−1 50 × 106

η → π+π−π0 2.27×10−1 30 × 106

η → π+π−γ 4.60×10−2 7 × 106

η → π0π0π0 3.26×10−1 50 × 106

η → π+π−e+e− 2.68×10−1 1 × 106

η → e+e−γ 7.0×10−3 1 × 106

pd→ 3Heπ+π−π0 unknown 50 × 106

pd→ 3Heπ+π− unknown 50 × 106

pd→ 3Heπ0π0 unknown 50 × 106

pd→ 3Heπ0π0π0 unknown 50 × 106

Table 4.3:Simulated Monte Carlo channels for theη → e+e−e+e− andη → e+e−γ
studies. The decayη → π+π−e+e− was considered only for studies ofη → e+e−e+e−.
The last column contains the number of simulated events. The branching ratio for
η → π+π−e+e− is taken from the Particle Data Booklet, 2010. The cross sections of
the prompt pion production channels were taken as parameters for the first estimates, for
calculating the branching ratio they were fitted and subtracted.

tons. As it can be seen, the single Dalitz decay is the most significant contributor
despite thatη → γγ has a higher branching ratio.

Besides the background caused byη decays there are also background events
due to prompt pion production. These channels are listed in the lower part of the
table 4.3. The cross sections of these reactions are unknownfor this beam energy,
but they were measured at similar energies:σ(pd → 3Heπ+π−π0) = 1.4µb and
σ(pd → 3Heπ0π0π0) = 0.18µb for a proton beam energy ofTp = 1.36GeV [60],
σ(pd → 3Heπ0π0) = 2.8µb andσ(pd → 3Heπ+π−) = 4.6µb at a beam energy
of Tp = 0.893GeV [61]. This source of background can be effectively subtracted
by using the3He missing mass, where the prompt pion channels fill a continuous

Decay channel BRi P4e BR× P4e Admixture,%

η → e+e−e+e− 6.9×10−5 1 6.9×10−5 100
η → γγ 3.9×10−1 9×10−6 3.5×10−6 5.1
η → e+e−γ 6.8×10−3 3×10−3 2.0×10−5 29.0

Table 4.4:Preliminary estimates of background admixture for someη decay channels.
The first column contains the decay channel, the second column the branching ratioBRi,
the third column is the probabilityP4e to have two lepton pairs in final state, the fourth
column is the total probability of the appearance of four leptons in the final state and the
last column shows ratio the background channel andη → e+e−e+e−.
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region while theη decays result in a narrow peak sitting on top of the prompt pion
events, see figure 4.3, for example.

4.6 Analysis Chain

4.6.1 Track Selection

The tagging of theη-decays in the reactionpd → 3Heη starts with the track
selection in the final state: there are a3He track and decay products to be detected.
In this section the analysis of twoη decays are discussed: in addition to the decay
η → e+e−e+e−, the study of the single Dalitz decayη → e+e−γ is presented.

3He selection in the Forward Detector starts with checking the scattering angle
of the tracks: it has to be inside the detector acceptance in the range 3◦-18◦. Fur-
ther cuts reproduce the trigger conditions, see 4.3. Potential 3He candidates must
have energy deposits in both layers of the Window Counter, thefirst layer of the
Trigger Hodoscope and in the first layer of the Range Hodoscope. Using∆E−E
techniques allows to distinguish3He band from other particles, see figure 4.6. If
there is exactly one track in the event with energy deposits above the red line then
it is taken as a3He track. The procedure of3He identification is common for any
η decay channel, see the advantages of thepd reaction in section 4.1.

The decay products are identified in the Central Detector. Themomentum in-
formation from the Mini Drift Chamber is needed for the identification of the
lepton pair and, therefore, the presence of this detector isthe first condition for
charged track reconstruction in the Central Detector. Thus,according to the cur-
rent method of the track finder in the Central Detector, (see 3.3.1.4) the tracks
with information from the following detector components are considered:

• MDC-PS

• MDC-SE

• MDC-PS-SE

In the next step the time of each charged track in the Central Detector is corre-
lated with the time of a3He track. In figure 4.7 the time difference between each
charged track in the Central Detector and a3He track is shown. The red lines rep-
resent the cut region. The last condition for track selection in the Central Detector
is a preliminary vertex cut: the distance from the track to the vertex point was
used. The distribution is shown in the figure 4.8, the gaussian fit givesσ = 2.5
mm. A generous cut in the interval (-10;10)mm was applied that corresponds to
a fourσ-s interval. This cut is supposed to reject events not originating from the
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Figure 4.6:3He identification in data with the Forward Detector:X−axis -deposited
energy in the first layer of Range Hodoscope,Y −axis - sum of the deposited energy in
both layers of the Window Counter and the first layer of the Trigger Hodoscope. The
tracks with energy deposits above the red line are associated with3He track.

vertex: secondary interactions, particularly events withphoton conversion in the
beam tube.

Neutral track selection is needed forη → e+e−γ studies. Their reconstruction
is provided by the calorimeter. According to the current track finding algorithm a
neutral track is defined as a solitary calorimeter cluster: MDC and PS information
is used as veto. The selection of neutral tracks starts with atime condition similar
to the charged track selection: the time of each neutral track is correlated with
the time of3He. The distribution is shown in figure 4.9. Another condition on
the neutral track is the energy threshold for the suppression of splitoff-s. Energy
of photons from single Dalitz of theη is shown in the figure 4.10. The cut was
applied to consider photons with energies ofE ≥ 0.1 GeV .

4.6.2 Normalization Channelη → e+e−γ

A normalization channel is obligatory needed in order to calculate a branching
ratio. In the formula for the branching ratio of the decayη → e+e−e+e− the total
number of theη mesons produced in the experimentNη is included. As it was
pointed out earlier in section 4.1, the tagging of3He ions in Forward Detector
does not introduce any bias onη decay system and the number of theη mesons
derived from the missing mass of3He after3He identification does not include the
reconstruction efficiency in the Central Detector. In order to consider the response
of the Central Detector for theη decay products (e.g. efficiency of the lepton pair
reconstruction) one should derive the number of theη mesonsNη from the another
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Figure 4.7:Experimental data: the time
difference between each charged track in
the Central Detector and3He track. The
cut was applied in the range [-10, 15] ns.
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Figure 4.8:Experimental data: the dis-
tance from the MDC-cluster to the vertex
in XY-plane after applying the time cut.
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Figure 4.9:Experimental data: the time
difference between each neutral track in
the Central Detector and3He track. The
red lines represent the cut region the range
[-25, 25] ns.
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Figure 4.10:Monte Carlo simulation of the
single Dalitz decay of theη: energy of the
neutral tracks in laboratory frame, the events
to the right from the red line were accepted
for further analysis. The peak at low energies
corresponds to the low energetic clusters in
the calorimeter due to the splitoff-s.
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Figure 4.11:The opening angle between real and virtual photons in the center mass of the
entire system onY −axis and the invariant mass ofη → e+e−γ on X−axis inGeV/c2.
Left: the Monte Carlo simulation of the decayη → e+e−γ, right: data under the same
conditions. The events between red lines are accepted, that corresponds to the cut on the
opening angle in the range (110◦ − 175◦).

η decay. The single Dalitz decay was chosen as the normalization channel. This
choice is caused by three reasons:

• it is the main background channel forη → e+e−e+e− and therefore the
study of this channel is necessary for a better understanding of the signal
channel

• the detector response for the lepton pair reconstruction can be checked with
this decay: the reconstruction of lepton pairs, as well as photon conversion
in the detector material

• the analysis methods for both decaysη → e+e−e+e− andη → e+e−γ are
similar, but the decayη → e+e−γ is statistically more abundant.

Event selection for the decayη → e+e−γ

The event selection for the decayη → e+e−γ starts with the selection of
exactly one positively and exactly one negatively charged track in the Central
Detector. The total four-vector of these two tracks is assigned to the four-vector
of the lepton pair or virtual photonγ∗. Afterwards, the neutral track selection
procedure the opening angleΩ betweenγ andγ∗ in the η rest frame has to be
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Figure 4.12:The correlation of the opening angle of the lepton pair on theX−axis
and the invariant mass on theY −axis. Left: Monte Carlo simulation, right: data. Both
correlation plots are after track selection for the decayη → e+e−γ. The arrows represent
the cut region: events below withIMe+e− < 0.1 GeV/c2, and withΩe+e− < 40◦, are
accepted for further analysis.

180◦ sinceη → γγ∗ is a two body process. In case of several neutral tracks the
photon withΩ closest to180◦ is selected. The next condition comes from the
topology of theγ−γ∗ system in the center mass of the entire system: the opening
angle between the real and virtual photons, see figure 4.11.

The next cut is based on the topology of the lepton pair, as it is enhanced at a
low invariant mass,IMe+e− , and a low opening angle of a lepton pair,Ωe+e− . This
can be seen in the left panel of figure 4.12, where the correlation of the opening
angle and invariant mass of lepton pair for the Monte Carlo simulation is shown.
The blue lines represent the cut region. In the right panel the data under the same
conditions as in the left panel are presented. Two enhancements are visible: the
region close to the origin is due to the signal ofη → e+e−γ and the decayη → γγ.
The enhancement at higher angles and masses correspond to the channels with
pions misidentified as electrons.

The cut on the invariant mass of the lepton pair suppresses the misidentified
pions. The comparison of the Monte Carlo simulation and the data is shown in
figure 4.13. In the right panel, for the data case, two enhancements are visible: the
upper region towards the diagonal hints on massive particles - misidentified pions.
Here the pions are coming from hadronic decays of theη (η → π+π−π0, η →
π+π−γ) and from prompt pion production, mainly from thepd → 3Heπ+π−π0.
The low enhanced region is the signal of the decayη → e+e−γ.

The influence of the cuts on the missing mass of3He is shown in figure 4.14.
The black curve represents the distribution after all cuts and is compared to the
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Figure 4.13:The correlation of the invariant masses ofη → e+e−γ on theX−axis and
of the lepton paire+e− on theY −axis. Left: Monte Carlo simulation, right: data. Both
correlation plots are after event selection for the decayη → e+e−γ and after a preliminary
cut on the missing mass of the decay productse+e−γ in the range (2.6-2.9)GeV/c2. The
events below the red horizontal line are accepted.

Monte Carlo simulation of theη → e+e−γ decay after the same cuts, drawn
in red. From this comparison the significant content of the signal of theη →
e+e−γ decay in data is visible. Concluding that, four orders of magnitude were
suppressed in data by the designed cuts, all together the cuts lead to reasonable
signal-to-background ratio, simulation and data can be compared at this stage of
the analysis.

Comparison of Simulation and Data

All Monte Carlo channels were normalized to data according tothe formula:

MCi =
1

Nsimi

∗BRi ∗Nη (4.2)

whereMCi is the given Monte Carlo channel,Nsimi
is the number of simu-

lated events,BRi is the cross section or branching ratio for this channel andNη is
the total number of producedη-s in the experiment.

In figure 4.15 the comparison of simulation and data is shown.In the left panel
the missing mass of3He after event selection and the cuts on the invariant mass
of the lepton pair and on the missing mass of the decay products is shown. In
the right panel the invariant mass ofe+e−γ after the mentioned cuts is plotted
and, in an addition, the cut on the missing mass of3He is applied in order to
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Figure 4.14:The missing mass of3He developing in data with the cuts for tagging the
η → e+e−γ decay: the brownfilled area corresponds to the events after the3He selection,
the yellowcurve is after selecting exactly one positively and one negatively charged track
in the central detector, the pinkcurve is after photon selection, the greencurve is after
an additional cut on the opening angle between the real and the virtual photon in the
center of mass of the entire system. The events survived after the cut on the missing mass
of the decay products in the range (2.6-2.9)GeV/c2 are shown by the blueline and after
requiring the invariant mass of the lepton pair to be smaller than0.1 GeV/c2 are shown by
the blackcurve. Each cut is an enhancement of the previous one. The red curve represents
the Monte Carlo simulation of theη → e+e−γ decay under the same cuts as the black
curve in data.
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Channel Cross section,µb
pd→ He3π+π−π0 0.5
pd→ He3π+π− 6.8
pd→ He3π0π0 1.8
pd→ He3π0π0π0 0.05

Table 4.5:Extracted cross sections of the prompt pion channels according to the missing
mass of3He in the figure 4.15.

suppress non-η events. Here, the missing mass of3He was used to normalize the
simulation to the data and for extraction of the parameters:the cross sections of
the channels with prompt pions and the total number of theη-sNη. The extracted
values are shown in table 4.5. They are in reasonable agreement with the cross
sections at slightly different beam energies. The total number of theη mesons
was extracted as9.6 × 106. This number is lower than that one extracted with
the Forward Detector in 4.4, it was10.7 × 106. The difference in total number of
η−mesons is explained by involvement the Central Detector, that introduces some
efficiency reconstruction for the decay products and, therefore, the total number of
η−mesons has to be similar or lower than the extracted with the Forward Detector.
As it can be seen the invariant masses in both Monte Carlo and data peak atη
mass and have the same width. The shape in the peak region is slightly different,
which can be explained by unknown differential distributions of the prompt pion
channels.

In figure 4.16 the invariant mass of the lepton pair is shown. There are two
regions: low masses correspond to the signal decay and double photon decay of
the η and the region of higher masses is due to misidentified pions.The signal
region is at the correct position, but high mass region differs in shape for Monte
Carlo sum and data. It can be explained by a predominance of prompt pions and
by hadronicη decays, which are not fully suppressed due to the absence of particle
identification cuts. All presented distributions show a general agreement between
Monte Carlo and data.

Prompt pions subtraction

The missing mass of3He can be effectively used for the separation ofη decays
from non-η events. Prompt pions result in a wide, smoothly populated region and
can be easily fitted by a polynomial function and then subtracted. The missing
mass of3He after the final cuts for the decayη → e+e−γ is shown in figure 4.15.
There is a well pronounced peak fromη decays sitting on a smooth background
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Figure 4.15:Left: 3He missing mass after event selection for the decayη → e+e−γ,
with cut on the invariant mass of the lepton pairIMe+e− < 0.1GeV/c2 and a cut on
the missing mass of the decay productse+e−γ in the range(2.6 − 2.9)GeV/c2. Right:
the invariant mass distribution of thee+e−γ is shown after the mentioned cuts and, in
addition, a cut on the missing mass of3He in the range(0.535 − 0.560)GeV/c2.
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Figure 4.16:The invariant mass of lepton pair after the event selection for the decay
η → e+e−γ, the cut on the missing mass of the decay products in the range(2.6 − 2.9)
GeV/c2, the missing mass of3He in the range(0.539 − 0.555)GeV/c2
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Figure 4.17:Subtraction of the prompt
pions in data using the missing mass of
3He. The solid black line is the missing
mass ofe+e−γ from the left panel of fig-
ure 4.15, the red curve represents a poly-
nomial fit (second order) in the region out-
side theη signal and the solid blue line
is the result after the subtraction of the
polynomial background. The vertical black
lines represent theη signal region, (0.530−
0.565GeV/c2). The points with error bars
were considered for the background fit.
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Figure 4.18:Normalization of the simu-
latedη decays to theη content in data with
the number of producedη-s Nη taken as a
free parameter. The data points correspond
to the missing mass of3He after prompt
pions subtraction (blue curve in the figure
4.17). All η channels have identical shape
and are normalized to the data according to
the branching ratios.

caused by prompt pions. The enhancement between 0.3 - 0.4GeV/c2 is due to the
prompt channelpd → 3Heπ+π−, where the effect of the hadronic splitoffs was
observed, for details see [41].

The result of the background fit on3He missing mass is shown in the figure
4.17. The fit range was chosen in the interval0.5 − 0.6GeV/c2 and the points in
theη signal region were excluded from the fit. The blue curve represents the3He
missing mass after subtraction of the polynomial background. This is the content
of theη decays in data. In figure 4.18 the normalization of theη decays in Monte
Carlo to theη content in the data is shown. The total number of producedη-sNη

was taken as a fit parameter and the extracted value is 9.3×106.

In addition, an alternative method was used to subtract prompt pions by fitting
the missing mass of3He with an other function, defined as the sum of a polynomial
and a Lorentzian function, see the figures 4.19 and 4.20. In the figure 4.19 theη
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Figure 4.19:Subtraction of the prompt pi-
ons in data using the missing mass of3He.
The solid black line is the missing mass
of e+e−γ from the left panel of the fig-
ure 4.15, the thick dotted curve represents
a function which is the sum of a second or-
der polynomial and a Lorentzian function,
the solid blue line is the result after the
subtraction of the polynomial background.
The vertical black lines represent theη sig-
nal region, (0.530 − 0.565GeV/c2). The
points with error bars were considered for
background fit.
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Figure 4.20:Normalization of the simu-
latedη decays to theη content in data with
the number of producedη-s Nη taken as a
free parameter. The data points correspond
to the missing mass of3He after prompt
pions subtraction (blue curve in the figure
4.19). All η channels have identical shape
and are normalized to the data according to
the branching ratios.
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signal region is described by a Lorentzian and the background is described by
a polynomial of second order, the total function reproducesthe missing mass of
3He spectrum before prompt pion subtraction. Here, the extracted number ofNη

is 9.8×106. The average among two measurements forNη equals to9.6 × 106.
The number of single Dalitz - decay event candidates in the first case is14200±

170, in the second case 15200±170 events, where 170 corresponds to the statis-
tical error. It was defined as

√

NηPeak, whereNηPeak is given by the integral of
the missing mass distribution before prompt pions subtraction in the range of the
η signal(0.535 − 0.560) GeV/c2.

The derived number of theη mesonsNη has a systematic error due to prompt
pions, this error can be taken as the difference between two presented measure-
ments as0.5 × 106, which corresponds to 5% systematic error by prompt pions.

4.6.3 Event Selection for the Decayη → e+e−e+e−

Lepton Pair Identification

After the tracks were selected in the Central Detector, the next cuts for the
decayη → e+e−e+e− are based on the final state of the decay: two electron-
positron pairs which have to be identified. From the measurement of the single
Dalitz decay of theη and the double Dalitz decay ofπ0 [22] it is known that the
invariant mass of lepton pairs coming from the virtual photon γ∗ will be small.

The cut on the events with more at least two positively and twonegatively
charged tracks leads to an array of tracks in which the two correct lepton pairs
have to be found. First, a lepton pair is identified as a pair ofthe tracks with
opposite charge. In this case the number of possible two paircombinations which
appear once appear each track is given by the formula:

N =
1

2
× kp× kn× (kp− 1) × (kn− 1) (4.3)

wherekp andkn is the number of positively and negatively charged tracks, re-
spectively.

Let us consider an event of classA with kp = 2 andkn = 2 and mark the
vectors of the first positively charged track as~p1 and the second as~p2, two nega-
tively charged tracks as~e1 and~e2. The typical event is depicted in the figure 4.21.
In this case the formula 4.3 givesN = 2, that means there are two possibilities to
form the final state of the decay with two lepton pairs:

• case 1:~L1 = ~p1+~e1 and ~L2 = ~p2+~e2

• case 2:~L1

′
= ~p2+~e1 and ~L2

′
= ~p1+~e2
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where~Li denotes the vector of lepton pair.
The lepton pairs in both cases are different while theη candidate is only one.

The electron and positron from the same virtual photon must form the lepton pair
with the smallest invariant mass. This was used to identify the lepton pairs in this
study. Thus, the sum of invariant masses of both lepton pairshas to be minimized:
Min(L1+L2, L

′
1+L

′
2), whereL1, L2, L

′
2 andL′

2 are the invariant masses of lepton
pairs.

In another class of the eventsB the number of positively or negatively charged
tracks is more than two:kp > 2 andkn ≥ 2, kp ≥ 2 andkn > 2. For example the
event haskp = 3 andkn = 2, where one of the positively charged tracks is due
to event overlap (as discussed in 4.5.1), and coming from an other event. In this
event four tracks have to be identified as coming from the double Dalitz of theη
and the fifth track has to be ignored and not considered for further calculations. Let
us mark the tracks as~p1, ~p2, ~p3 (positively charged tracks) and~e1, ~e2 (negatively
charged tracks). In this case the formula 4.3 givesN = 6, i.e. six possibilities to
form the final state of double Dalitz decay:

• case 1:~L1 = ~p1+~e1 and ~L2 = ~p2+~e2

• case 2:~L1

′
= ~p1+~e1 and ~L2

′
= ~p3+~e2

• case 3:~L1

♣
= ~p1+~e2 and ~L2

♣
= ~p2+~e1

• case 4:~L1

♦
= ~p1+~e2 and ~L2

♦
= ~p3+~e1

• case 5:~L1

♥
= ~p2+~e1 and ~L2

♥
= ~p3+~e2

• case 6:~L1

♠
= ~p2+~e2 and ~L2

♠
= ~p3+~e1

Here, the same method for identifying the correct two pairs was used: those
two pairs which give the lowest sum of their invariant masseswere selected:

Min(L1 + L2, L
′
1 + L′

2, ~L1

♣
+ ~L2

♣
, ~L1

♦
+ ~L2

♦
, ~L1

♥
+ ~L2

♥
, ~L1

♠
+ ~L2

♠
).

Topological Cuts

After the selection of the two lepton pairs one can apply further cuts based on
their topology: there are several topological features in this decay. In the left panel
of the figure 4.22 the correlation of the invariant mass and the opening angle of
each lepton pair is plotted. As it can be seen most of events have small opening an-
glesΩee and low invariant massesIMee. Events with the opening angleΩee < 40◦

and invariant massIMee < 0.1GeV/c2 were accepted. In the right panel of figure
4.22 the opening angleΦL1,L2 between the selected lepton pairs is shown (see the
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Figure 4.21:Typical event candidate of the decayη → e+e−e+e− from Monte Carlo
simulation (XY −plane). The lepton tracks are the blue curves,p1, e1 are the positron and
electron from the first lepton pair,p2, e2 are the positron and electron from the second
lepton pair, the vectors of lepton pairs are marked as black arrows, the angle between the
lepton pairs is marked in red. The topology of the lepton pairs shows the small opening
angle between positron~p1(~p2) and electron~e1(~e2) from the same virtual photon.

angle marked red in the figure 4.21). The events between two blue verticals in the
right panel of figure 4.22 were accepted:ΦL1,L2 = (85◦ − 175◦). Thus, the set of
cuts:

• Ωee < 40◦

• IMee < 0.1 GeV/c2

• ΦL1,L2 = (85◦ − 175◦)

will be called topological cuts.
The development of the missing mass of3He in data under the discussed cuts

is shown in figure 4.23. Several orders of magnitude are suppressed after the cuts.
The selection of events with at least two positively and two negatively charged
tracks suppresses three orders of magnitude. This can be explained by only a few
final states with four charged tracks. The cut on the invariant mass and the opening
angle of the lepton pairs rejects a significant share of the events with pions.

The reconstruction efficiency of the decayη → e+e−e+e− according to Monte
Carlo study is around12% after the topological cuts. It implies that less than
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Figure 4.22:Monte Carlo forη → e+e−e+e−. Left: invariant mass of thee+e− pair
versus the opening angle betweene+ ande−, right: the opening angle between lepton
pairs in the laboratory frame. The blue linesrepresent the cut region: in the left events
under the horizontal line and to the left of the vertical line are accepted, in the right: the
events between the two lines are accepted.
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Figure 4.23:Missing mass of3He developing under the different cuts in data: each cut is
an enhancement of the previous one. The events after3He selection are drawn in brown,
the redcurve represents the events after selecting at least two positively and twonegatively
charged tracks in the central detector, the greencurve is after applying the cuts on the
invariant mass and the opening angle of lepton pair:Ωee < 40◦ andIMee < 0.1 GeV/c2,
blueshows the distribution after the topological cuts.
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Figure 4.24:Missing mass of3He after the topological cuts. Blackcurve is the data,
that corresponds to the blue curve in the figure 4.23, redis the simulation of the decay
η → e+e−e+e− after the same cuts. It was normalized to the data with the branching
ratioBR = 6.9 × 10−5 and the total number of theη-sNη = 9.6 × 106.

60 events of the decayη → e+e−e+e− are expected in the whole data sample,
assuming a branching ratio of6.9 × 10−5.

In the figure 4.24 a comparison of the Monte Carlo simulation ofthe signal
channel and data is shown after the topological cuts. The remaining background
from theη decays is mostly coming from the hadronic decays of theη, mainly
from theη → π+π−π0 decay.

The next cut is related to electron-pion separation on the event selection level.
In figure 4.25 the missing mass of the decay productse+e−e+e− after the topo-
logical cuts is shown. The signal channel with the main background channel
η → π+π−π0 and sum of the prompt pion channels are shown for illustration.
There are two enhancements in the figure: the lower is around the mass of 2.8
GeV/c2, which corresponds to the mass of3He, and at higher masses, which is
due to misidentified pions. Using the vertical dotted lines as cut region the chan-
nels with pions can be effectively rejected. The effect of this cut on the missing
mass of3He is demonstrated in figure 4.26. The background fromη decays is sup-
pressed by factor of 3, which is due to the rejection of eventsfrom η → π+π−π0.
The cut finally leads to a signal to background ratio∼ 1 : 1.

The reconstruction efficiency forη → e+e−e+e− under the discussed cuts is
shown in table 4.6.
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Figure 4.25:Missing mass of the decay productse+e−e+e− after the topological cuts
and the cut on the missing mass of3He in the range(0.535 − 0.560) GeV/c2. The cross
sections for prompt channels were taken from the missing mass of3He in the figure 4.27.
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Figure 4.26:Missing mass of3He. The black dotted curve is data after the topological
cuts: the cut on the invariant mass and the opening angle of both lepton pairs: IMee <
0.1GeV/c2, Ωee < 40◦ and the cut on the opening angle between the lepton pairs and
solid black is in addition after the cut on the missing mass of the decay products inthe
range 2.6 - 2.9GeV/c2. The red is the simulation of the decayη → e+e−e+e− after the
topological cuts and the cut on the missing mass of the decay products. The simulation
was normalized to the data with the branching ratioBR = 6.9 × 10−5 and the total
number of theη-sNη = 9.6 × 106.
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Cut Efficiency,%
cut1 90,8
cut2 20,9
cut3 12,6
cut4 10,0

Table 4.6:Efficiencies of the cuts: each cut is an enhacement of the previous one.Cut1
yields events after3He reconstruction in the forward detector, cut2selects events with at
least two positively and negatively charged tracks in the central detector, cut3is based on
the topology of two lepton pairs and includes three conditions: the opening angle of lepton
pair is smaller than40◦, the invariant mass of lepton pair is smaller than0.1GeV/c2 and
the opening angle between two lepton pairs has to be in the range(85◦−175◦), cut4yields
events with the missing mass of the decay products in the range(2.6 − 2.9) GeV/c2.

4.7 Simulation and Data Comparison

The number of simulated events for each Monte Carlo channel isdifferent
due to the different reconstruction efficiency, see table 4.3. Data and Monte Carlo
simulation are compared under the same set of cuts. Each Monte Carlo channel
is normalized to the data according to formula 4.2, with the total number of the
η-sNη = 9.6× 106. In this section for illustrative purpose, the branching ratio for
η → e+e−e+e− was taken as6.9 × 10−5 and cross sections of the prompt pion
channels are taken as parameters.3He missing mass distribution was used for the
extraction of the parameters which later are used for other distributions. Thus, the
presented figures contain information about the cross sections of prompt pions
and are not related to the branching ratio calculation.

In figure 4.27 the3He missing mass after the topological cuts is shown for data
and Monte Carlo. The values of the prompt pion cross sections are were extracted
and used for the invariant mass ofe+e−e+e−, see table 4.7.

In the 3He missing mass distribution the prompt pions are seen as a wide,
smoothly populated region (grey filled area), that will be later used for their sub-
traction, analogically to theη → e+e−γ studies. On the invariant mass distribution
of e+e−e+e− the prompt pion background results in a peak shifted to the left from
η mass due to misidentified pions. In order to suppress the channels with pions
the distribution of the missing mass of the decay products isused, shown in figure
4.25. The missing mass of3He and the invariant mass ofe+e−e+e− after applying
the cut forMMe+e−e+e− in the range(2.6−2.9)GeV/c2 are shown in figure 4.28.
As it can be seen from the invariant mass ofe+e−e+e− the prompt pions are sup-
pressed by 35%, theη → π+π−π0 is suppressed nearly by 80% and the signal to
background ratio is improved by factor of two.



86 CHAPTER 4. ANALYSIS OF THEη DOUBLE DALITZ DECAY

Channel Cross Section,µb, Fig. 4.27 Cross Section,µb, Fig. 4.28
pd→ He3π+π−π0 0.2 0.7
pd→ He3π+π− 3.5 2.4
pd→ He3π0π0 3.8 2.1
pd→ He3π0π0π0 0.03 0.03

Table 4.7: Extracted cross sections of the prompt pion channels according to the
missing mass of3He in figures 4.27 and 4.28.

The extracted cross sections are in a reasonable agreement with expectations
and previously extracted values for the single Dalitz decayof theη, see table 4.5.

The agreement between data and simulations is demonstratedfor different cut
combinations in figures 4.27 and 4.28. The missing mass of3He distribution af-
ter the topological cuts shows a slight discrepancy in theη mass region and good
agreement for the prompt pion background. The discrepancy can be explained by
a high admixture of prompt pions. On the invariant mass distribution in figure 4.27
theη signal region in data is reproduced by Monte Carlo, while lower mass region
is not. This is due to the cut on the missing mass of3He in theη signal region for
the invariant mass distribution. Rather good agreement between data and simula-
tion is seen in figure 4.28 after applying the cut on the missing mass of the decay
products. The missing mass of3He is perfectly described in the peak region, but
certain discrepancy appears in adjoining region. Good agreement between data
and simulation is seen for the invariant mass distribution.
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Figure 4.27: Upper panel: 3He miss-
ing mass after the topological cuts,
lower panel: the invariant mass of
e+e−e+e− after the same cuts and the cut
on the missing mass of3He in the range
(0.535 − 0.560)GeV/c2.
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Figure 4.28: Upper panel: 3He miss-
ing mass after the topological cuts and
the cut on the missing mass of the
decay products in the range(2.6 −
2.9)GeV/c2, lower panel: the invariant
mass ofe+e−e+e− after the same cuts
and the cut on the missing mass of3He
in the range(0.535 − 0.560)GeV/c2.
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Chapter 5

Results

5.1 Method

The calculation of the branching ratio for the decayη → e+e−e+e− is based
on the3He missing mass, because on this distribution the signal from η decays
can be separated from the background channels with prompt pions. This step is
necessary since the cross sections of prompt pions are not exactly known. Their
values extracted as the fit parameters are not reliable sincethe entire analysis is
designed in the way to suppress them.

The3He missing mass is considered under the topological cuts andthe cut on
the missing mass of the decay products. Under this set of cutsagreement between
data and simulations has been demonstrated in section 4.7. In this chapter the
branching ratio is taken as a parameter in the normalizationprocedure of theη sum
in Monte Carlo andη content in data. The3He missing mass from the differentη
decays are identical. Each channel was normalized to data according to formula
4.2. The total number ofη-s Nη is taken from the study of the normalization
process asNη = (9.6 ± 0.5) × 106, extracted in 4.6.2.

TheBR(η → e+e−e+e−) is given by formula:

BR(η → e+e−e+e−) =
Nη→e+e−e+e−

Nη ∗ ε
(5.1)

whereNη = 9.6 × 106 corresponds to the total number ofη-s produced in the
experiment,ε is the reconstruction efficiency for theη → e+e−e+e− decay given
by ε = Nrec

Nsim

, Nrec is a number of reconstructed events andNsim is a number of
generated events. The number of event candidates forη → e+e−e+e− is given by:

Nη→e+e−e+e− = NηData −NηBackground (5.2)

whereNηData is the integral of the3He missing mass in data after prompt pion

89
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Figure 5.1:Left panel: missing mass3He after the topological cuts and the cut on the
missing mass of decay products in the range (2.64 − 2.96 GeV/c2), drawn in black, is
fitted by a polynomial of second order, drawn in red. The blue points with error bars is the
missing mass of3He after the subtraction of the polynomial background, the error bars
correspond to the statistical errors before polynomial subtraction. The black error bars
show the points considered for the fit, as can be seen theη signal region was excluded.
Right panel:comparison ofη content in data with Monte Carlo sum ofη channels, the
branching ratio for theη → e+e−e+e− is taken as a parameter.

Figure (BR± Erstat) × 10−5 Ncand ± Erstat NηData ± Erstat

Fig.5.1, middle 2.9±1.1 29.7±10.8 82.0±10.8

Table 5.1:Example for the branching ratio calculations. The missing mass of3He after
the topological cuts and the cut on the missing mass of the decay products in therange
(2.64 − 2.96 GeV/c2) was used. The prompt pion background was fitted by the second
order polynomial.Ncand = Nη→e+e−e+e− is a number ofη → e+e−e+e− event candi-
dates.

subtraction in the range0.535− 0.560 GeV/c2,NηBackground is the integral of the
3He missing mass distribution in Monte Carlo without theη → e+e−e+e− decay
and can be found by:

NηBackground = NηData −Nη→e+e−e+e− (5.3)

Thus, the task for the branching ratio determination is the measurement of the
number ofη−mesons in the final event sampleNηData.

An example of the fitting the prompt pion background is presented in the left
panel of the figure 5.1. The missing mass of3He is taken under the topological cuts
(black curve) and the cut on the missing mass of the decay products in the range
(2.64−2.96GeV/c2). The polynomial of the second order is used for background
fit in the range(0.5 − 0.6) GeV/c2, theη signal region was excluded from the fit.
The blue points with error bars represent the remainingη content in data. In the
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right panel of the figure 5.1 the Monte-Carlo cocktail fromη decays is normalized
to theη content in data.

The extracted branching ratio with the statistical error ispresented in the table
5.1. In this table and other tables of the chapterNcand = Nη→e+e−e+e− is a number
of event candidates of double Dalitz decay ofη. The statistical errorErstat for the
branching ratio, number of event candidates and number ofη−mesons is defined
by the number of events on3He missing massbefore the prompt pion subtraction
in theη signal region:(0.535 − 0.560) GeV/c2. Thus, the table contains all nec-
essary information: in the first column the pointer to the certain figure is listed,
in the second column the branching ratio with its statistical error is presented, in
the third column number of event candidates for theη → e+e−e+e− decay with
statistical error, the last column contains the number of theη−mesons in data after
prompt pion subtraction.

According to the table the number of events due to the prompt pions produc-
tion can be obtained as:(10.8)2 − 82.0 = 116.6 − 82.0 = 34.6 and number ofη
background events is given by formula 5.3:NηBackground = 82.0 − 29.7 = 52.3.

5.2 Consistency Checks

In order to prove the result for the branching ratio the analysis method has
to be checked for stability byconsistency checks.Consistency checks show the
invariance of the branching ratio under variation of cuts, adifferent fit technique,
rebining of histograms. Information about treatment of systematic errors can be
found in [63] and [64]. Consistency checks have to be done for acertain set of
cuts, where agreement between simulations and data is expected. As it was shown,
(figure 4.28) the topological cuts and the cut on the missing mass of the decay
products provide such agreement.

Schematically the data samples after certain set of cuts areshown in figure
5.2. Part of entire data sample by red filled area correspondsto subset of data after
the set of cuts where agreement between simulations and datahas been observed.
Consistency checks will move inside the red filled area (for example blue filled)
and will lead to other subsets of data where the branching ratio should not change
significantly. If it does, then it points out to the systematic effect to be studied or
fixed.

In this work the following consistency checks were done:

1. changing fit technique

2. changing cuts

3. rebining histograms
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 selection3He

+Topological cuts

)-e+e-e++MM(e

Consistency check

Figure 5.2:Schematic view of subsets of entire data sample: dashedoval corresponds
to entire data sample after3He selection, brownfilled area corresponds to subset of data
after the topological cuts, redfilled area is after the cut on the missing mass of the decay
products and bluefilled area is due to narrowing the cut on the missing mass of decay
products.

By fit technique the fit of prompt pions on the missing mass of3He is meant:
the background fit can be presented by different functions. Bychanging cuts dif-
ferent cut regions have to be considered. The branching ratio is calculated at each
change in the analysis chain and eventually all results are compared. The total
effect of each check is defined as a maximum deviation among presented mea-
surements and the average: variationvar. In such case the variation is the most
informative and safe.

The variation of cut has certain constraints, in some cases it is limited by
the resolution of observableσ and allows to expand the cut withing±4σ rule.
Other constraint is due to the limitation of the analysis method itself: the cuts
are supposed to describe certain preselected data sample, but not the entire one.
Therefore if the result behaves stable under certain changes (inside certain range)
and, suddenly, drops down or rise up, it might hint to the limit for this condition
or cut. In order to judge about the contribution to the systematic error of cut the
thresholdσ∆ is used given by the formula:

σ∆ =
√

σ2
2 − σ2

1 (5.4)

whereσ1 andσ2 are statistical errors for different measurements of the branch-
ing ratio. By comparingσ∆ and maximum deviationvar first conclusion about the
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Figure, row (BR± Erstat) × 10−5 Ncandidates ± Erstat NηData

Fig.5.3, upper 3.5±1.1 36.0±10.8 87.7±10.8
Fig.5.1 2.9±1.1 29.7±10.8 82.0±10.8
Fig.5.3, lower 3.7±1.0 37.9±10.3 86.1±10.3
Result: BR=(3.4 ± 1.1stat. ± 0.5var.) × 10−5

Table 5.2:Measurements for the branching ratio calculations. The missing mass of3He is
taken after the topological cuts and the cut of the decay products in the range2.64− 2.96
GeV/c2. The prompt pion background was fitted by three different functions.

systematic effect is drawn.

5.2.1 Prompt Pion Subtraction

In order to check the effect by the prompt pion background on the branching
ratio, the missing mass of3He is fitted by different functions and the branching
ratio ofη → e+e−e+e− is calculated for each case.

Three different ways of fitting the prompt pions fit are considered, see figure
5.3. In the first case, the background is fitted simply by a firstorder polynomial
in the range outside of theη signal, see the top graph to the left. In the second
case the3He missing mass is fitted by a second order polynomial which should
describe the background shape more precisely than just a straight line, see the
middle row. Finally the distribution is fitted by a combined function which is
the sum of background and signal. In this case the backgroundis described by
the second order polynomial andη signal is described by a Lorentzian. All three
methods are reasonable and should provide reasonable results.

The results for the branching ratio are presented in table 5.2. The average value
for the branching ratio is3.3 × 10−5 with the statistical error equals 1.1×10−5.
The variation of the result equals0.4 × 10−5. Thus, the branching ratio is:BR =
(3.4 ± 1.1stat. ± 0.5var.) × 10−5.

5.2.2 Variation of cuts

Missing Mass of the Decay Products

The cut on the missing mass of the decay productsMMe+e−e+e− is one of the
cuts which suppresses pions, see figure 4.25. The cut region is defined by the reso-
lution of this observable. According to Monte Carlo theMMe+e−e+e− distribution
has a width ofσ = 60 Mev/c2 and the corresponding range for the cut withing
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Figure 5.3:Left: missing mass3He after the topological cuts and the cut on the missing
mass of the decay products2.64− 2.96 GeV/c2, drawn in black, is fitted by two different
functions: the polynomial of the first order on the upper left paneland combined function
is on the lower left panel. Right: comparison of the correspondingη content in data with
Monte Carlo sum ofη channels.
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Figure 5.4:Missing mass of the decay productsMMe+e−e+e− for the Monte Carlo sim-
ulation of theη → e+e−e+e−. The distribution has a width ofσ ∼ 60 MeV/c2.

±3σ rule is around(2.62 − 2.98) GeV/c2, see figure 5.4. The maximum valid
range for cut variation is defined by±σ for the borders:(2.56 − 3.04) GeV/c2.

The effect of changing the cut regions on the branching ratiois shown in the
table 5.3. A polynomial of second order was used for prompt pion subtraction.
During these measurements the very narrow region (2.68 − 2.92 GeV/c2) was
tested, which implies the most significant rejection of events and poor statistics
on the distribution. In order to present the fit of such a distribution properly the
histogram bining was decreased, see figure 5.3. Also the widest cut region was
tested. It implies more events on the distribution and corresponds to the situation
with the highest admixture of prompt pions, see figure 5.5, lower row. In the right
panel of this figure a slight discrepancy between Monte Carlo and data is observed
in theη signal region. This can be explained by high admixture of prompt pions
on 3He missing mass, that makes their subtraction less accurate.

Slight fluctuations of the statistical error are observed, in the order of10%.
It can be ignored assuming the fact of a different distribution shape after the cut
variation.

The average value for the branching ratio equals2.7×10−5, the maximum vari-
ation between the average and measured values is0.4×10−5. Thus, the branching
ratio equals:BR = (2.7 ± 1.1stat. ± 0.4var.) × 10−5.

Invariant Masses of Lepton Pairs

The cut on the invariant mass of the lepton pairs is another cut for pion sup-
pression during event selection. The variation of this cut is presented in the table
5.4. The cut on the missing mass of the decay products was taken in the range
2.64 − 2.96 GeV/c2. With stricter cut the distribution becomes more flat which
makes background fit easier. Average result:BR = (3.1±1.1stat.±0.5var.)×10−5.
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Figure 5.5:Left: missing mass of3He after the topological cuts and the cut on the missing
mass of the decay products drawn in black, is fitted by the second order polynomial in red.
Top:2.68−2.92 GeV/c2, lower:2.56−3.04 GeV/c2. Right:comparison of theη content
in data with Monte Carlo sum ofη channels.

Range,GeV/c2, Fig., row BR± Erstat Ncand ± Erstat NηData

(2.64-2.96), Fig.5.1 (2.9± 1.1)×10−5 29.7± 10.8 82.0± 10.8
(2.68-2.92), Fig.5.5, upper(2.5± 1.0)×10−5 23.2± 9.4 58.0± 9.4
(2.56-3.04), Fig.5.5, lower (2.7± 1.2)×10−5 29.8± 13.5 118.9± 13.5
(2.6-2.9), Fig.5.6, upper (2.5± 1.0)×10−5 23.2± 9.7 58.4± 9.7
(2.62-2.96), Fig.5.6, lower (3.1± 1.1)×10−5 32.1± 11.1 84.0± 11.1
Result: BR=(2.7 ± 1.1stat. ± 0.4var.) × 10−5

Table 5.3:Measurements for the branching ratio calculations with different cuts on the
missing mass of the decayη → e+e−e+e− products. The polynomial of the second order
was used for prompt pion subtraction.
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Figure 5.6: Analogically to the figure 5.5, top:2.60−2.90GeV/c2, lower: 2.62−
2.96 GeV/c2.

RangeIMe+e− , GeV/c2 (BR ± Erstat) × 10−5 Ncand ± Erstat NηData

(0 − 0.1), Fig.5.1 2.9± 1.1 29.7± 10.8 82.0± 10.8
(0 − 0.12), Fig.5.7, top 3.4± 1.1 36.2± 11.9 93.9± 11.9
(0 − 0.08), Fig.5.7, lower 2.7± 1.0 25.9± 9.4 68.8± 9.4
(0 − 0.06), Fig.5.8, top 2.6± 1.0 22.1± 8.5 55.2± 8.5
(0 − 0.04), Fig.5.8, lower 3.6± 1.1 22.9± 7.3 44.0± 7.3
Result: BR(3.0 ± 1.1stat. ± 0.4var.) × 10−5

Table 5.4:Results for the branching ratio calculations with different cut on the invariant
mass of the lepton pairs. Polynomial of a second order was used for prompt pion subtrac-
tion.
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Figure 5.7: Missing mass of3He after changed topological cuts and the cut on
the missing mass of the decay products2.64 − 2.96 GeV/c2. The cut on the in-
variant mass of the lepton pairs was tested: top:IMe+e− < 0.12 GeV/c2, lower:
IMe+e− < 0.08 GeV/c2.
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Figure 5.8:Missing mass of3He after the topological cuts and the cut on the missing
mass of the decay products2.64 − 2.96 GeV/c2 and the cut on the invariant mass of the
lepton pairs, top:IMe+e− < 0.06 GeV/c2, lower:IMe+e− < 0.04 GeV/c2.
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Figure 5.9: Missing mass of3He after the topological cuts and the cut on the
missing mass of the decay products2.64−2.96GeV/c2 and the cut on the opening
angles of the lepton pairs, top:Ωe+e− < 20◦, lower:Ωe+e− < 60◦.

Opening Angles of Lepton Pairs

The effect of varying the opening angle cut of the lepton pairs on the missing
mass of3He is presented in figures 5.9 and 5.10. The results for the branching ratio
are in the table 5.5. Average result:BRη→e+e−e+e− = (2.6 ± 1.1stat. ± 0.9var.) ×
10−5. The variation by this cut is the largest among other cuts, itmight hint to
a problem with opening angle of the lepton pair. From the other hand, if one
ignores the result by looser cut (Ω < 80◦), then average branching ratio equals
BR = (2.9± 1.1stat. ± 0.5var.)× 10−5. The grounds for this ignoring comes from
the fact that80◦ for the opening angle of the leptons pairs is too large and cannot
be controlled in this range. The results are shown in the table 5.5.
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Figure 5.10: Missing mass of3He after the topological cuts and the cut on the
missing mass of the decay products2.64−2.96GeV/c2 and the cut on the opening
angles of the lepton pairs,Ωe+e− < 80◦.

Range, Fig., row (BR ± Erstat) × 10−5 Ncand ± Erstat NηData

(0◦ − 20◦), Fig.5.9, upper 3.4± 1.1 24.0± 7.7 45.7± 7.7
(0◦ − 40◦), Fig.5.1 2.9± 1.1 29.7± 10.8 82.0± 10.8
(0◦ − 60◦), Fig.5.9, lower 2.4± 1.0 26.9± 11.6 95.6± 11.6
(0◦ − 80◦), Fig.5.10 1.7± 1.1 18.8± 11.8 97.7± 11.8
Result: BR=(2.6 ± 1.1stat. ± 0.9var.) × 10−5

Result (ignore last): BR=(2.9 ± 1.1stat. ± 0.5var.) × 10−5

Table 5.5:Results for the branching ratio calculations with different cut on the open-
ing angles of the lepton pairs. Polynomial of a second order was used forprompt pion
subtraction.
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Type of events (BR ± Erstat) × 10−5 Ncand ± Erstat NηData

Fig.5.11, top 3.7± 1.0 37.9± 10.3 82.9± 10.3
Fig.5.11, lower 2.4± 0.9 24.3± 9.3 67.6± 9.3
Result: BR=(3.1 ± 1.0stat. ± 0.7var.) × 10−5

Table 5.6:Results for the branching ratio for different types of events: multi-track
events(figure 5.11, top) and events with exactly two positively and exactly two negatively
charged tracks(figure 5.11, lower).

5.3 Systematic Effect by Event Overlap

Event overlap in data (discussed in 4.5.1) was studied as another source of
systematic effect.

Effect of event overlap can add an additional track or even several tracks to the
final state of the decay. This extra track can pass through thecuts and substitute a
good track. The effect is not included in simulations and therefore influences only
the data. In order to evaluate this effect on the branching ratio the events only with
exactly two positively and exactly two negatively charged tracks were considered.
Obtained result was compared with multi-track events.

The effect is shown in figure 5.11: top row shows distributions based on multi-
track events and lower row corresponds to events with exactly two positively and
exactly two negatively charged tracks. The plot on top has been shown already
with fitting the prompt pion background in slightly more narrow range. Here the
fitting range was extended (0.47−0.59GeV/c2) in order to be as much as possible
to the range on the plot below, where it was necessary to extend the range for a
good fit.

Immediate effect in statistics of the histograms is visible: the lower plot con-
tains 20% less events than upper one due to consideration of exact number of
tracks. Number of signal event candidates drops down, that results in lower branch-
ing ratio. At the same time the statistical error remains almost the same, that hints
to systematic error. The maximum deviation is0.7× 10−5 for the branching ratio,
see table 5.6.

Results for the branching ratio

Thus, four results for the branching ratio were obtained andsummarized in the
table 5.7. The last column contains the threshold for passing the checkσ∆, which
was obtained according to the formula 5.4. In traditional way of analysis the re-
sults can be averaged for the final number and variations can be summed up under
the root squared and signed to the systematic error. Considering threshold for each
variation the conclusion would be different: the consistency check passes(does not
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Figure 5.11: Missing mass of3He after the topological cuts and the cut on the
missing mass of the decay products2.64 − 2.96, top: multi-track events were
considered (as all other pictures), lower:events with exactly two positively and
exactly two negatively charged tracks were considered.
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Source of variation (BR ± Erstat ± var) × 10−5 Threshold,σ∆ × 10−5

Missing mass of(e+e−e+e−) 2.7± 1.1± 0.4 0.7
Invariant masses of(e+e−) 3.0± 1.1± 0.4 0.5
Opening angles of(e+e−) 2.6± 1.1± 0.9 0.5
Event overlap 3.1± 1.0± 0.7 0.4
Average 2.9± 1.1 (stat)± 1.3 (syst.trad.)

Table 5.7:Results for the branching ratio with variationsvar and thresholds for variation
σ∆.

have a systematic effect) if it is lower than the corresponding threshold. As can be
seen the variation due to the opening angle cut is 0.9, greater than the threshold
0.5. The variation caused by effect of event overlap is also above the threshold:
0.7>0.4. Therefore, these consistency checks do not pass and have significant sys-
tematic effect to be studied.



Chapter 6

Conclusion and discussions

The branching ratio for theη → e+e−e+e− decay was calculated based on the
missing mass of3He as(2.9±1.1(stat))×10−5. The result agrees with expectations
from quantum electrodynamics within the statistical error, which is∼ 38%. The
achieved maximum admixture ofη → e+e−e+e− decay candidates is 50.6%,
which corresponds to a signal to background ratio∼ 1 : 1. The single Dalitz decay
η → e+e−γ shows a similar signal to background ratio with similar ideology of
the analysis chain. In both cases the ratio can be improved bysuppressing the main
background due to photon conversion. The other significant background originates
from the hadronic modeη → π+π−π0 (5 % in the optimum case) which can be
suppressed by involving particle identification in future analyses.

The remarkable point is that the branching ratio shows stability for different
fractions ofη−decays. See for example variations of theη → e+e−e+e− admix-
ture from 20.3 % to 43.0 %, while at the same time theη → π+π−π0 admixture is
suppressed from 38.7 % to 9.8 %, in figure 5.5. This confirms thestability of the
analysis chain.

The calculated variations of the branching ratio passed thethresholdσ∆ for
two checks: changing the missing mass of the decay products and the invariant
masses of the lepton pairs. Two other checks showed the variations above the
threshold: the opening angles of the lepton pairs and the effect by event overlap.

Consistency checks have to be done for other possible uncertainties of the
branching ratio. Among them three are of special importance: the total number of
η−mesons produced in experiment, the hypothetical spatial resolution for charged
track reconstruction in the central detector and the event overlap in data. The num-
ber ofη−mesons was calculated based on a sample of∼ 14000 decay events of
η−single Dalitz decays, where the events with exactly one positively and exactly
one negatively charged track were considered. At this stagethe analysis ideology
differs for single and double Dalitz decays ofη: in the last case multi-track events
were considered.

105



106 CHAPTER 6. CONCLUSION AND DISCUSSIONS

Twice moreη−mesons (2×107) have been produced in the same reaction and
similar conditions as discussed in the thesis (pd →3 Heη at 1GeV ) during a pro-
duction run in September 2009. Furthermore, a statistically more abundant sample
of η mesons is expected from the reactionpp→ ppη at 1.4GeV beam energy (dis-
cussed in 4), taken during a production run in November 2009,although here the
background is very different compare topd→ 3He at 1GeV .

Studies of other rare decays ofη, like η → e+e−, η → π0e+e−, η → e+e−γ
are currently going on in WASA-at-COSY collaboration. They should be coordi-
nated between each other and be complementary, since all of them have lepton
pair(s) in the final state.
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Appendix

A. Time diagram of tracks ofη double Dalitz event candidates in data.
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Figure 7.1:Time diagram of tracks ofη double Dalitz event candidates in data: time dif-
ference between each lepton candidate and3He track in the Forward Detector on the
Y −axis, time of the3He track on theX−axis. The events after the topological cuts
(IMe+e− < 0.1GeV/c2, Ωe+e− < 40◦, ΦL1,L2

= (85◦ − 175◦)), the cut on the missing
mass of the decay products in the range (2.62 - 2.98)GeV/c2) and the cut on the missing
mass of3He is in the range (0.535 - 0.560GeV/c2). By yellow circle a good example of
event is marked: all four tracks in the central detector has the same time within one bin
(5 ns). By red ellipse an example of critical event is marked: four tracks in the central
detector have wide time interval relatively to the time of3He track. As can be seen most
of the tracks are very close in time.
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B. Particle identification in calorimeter forη−single Dalitz in data.
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Figure 7.2: Experimental data: energy deposit in calorimeter versus particle
momentum×charge provided by the mini drift chamber. Black diagonals represent lin-
ear correlation between energy and momentum, which is the signature of electrons and
positrons. Upper panel:after track selection forη → e+e−γ decay, lower panel:after the
cut on the missing mass ofe+e−γ (2.65 - 2.95)GeV/c2, invariant mass of lepton pair <
0.1GeV/c2 and the missing mass of3He (0.535 - 0.560)GeV/c2.
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C. Particle identification in calorimeter forη−double Dalitz in data.
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Figure 7.3: Experimental data: energy deposit in calorimeter versus particle
momentum×charge provided by the mini drift chamber. Black diagonals represent lin-
ear correlation between energy and momentum, which is the signature of electrons and
positrons. Upper panel:after track selection forη → e+e−e+e− decay, lower panel:after
the cut on the missing mass ofe+e−e+e− (2.62 - 2.98)GeV/c2, invariant masses of the
lepton pairs < 0.1GeV/c2, opening angles of the lepton pairsΩ < 40◦ and the missing
mass of3He (0.535 - 0.560)GeV/c2.
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D. Individual missing mass of3He distributions for Monte Carloη−decays
in comparison with data.
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Figure 7.4:Individual missing mass of3He for eachη Monte Carlo channel after the
topological cuts invariant masses of lepton pairs < 0.1GeV/c2, opening angles of the
lepton pairsΩ < 40◦, opening angle between the lepton pairsΦL1,L2

is in the range
(85◦ − 175◦) and the cut on the missing mass of the decay products in the range (2.64
- 2.96)GeV/c2) . Each Monte Carlo distribution is normalized to the data according to
formula 4.2, the number ofη−s produced in experiment is taken as 9.6×106. The error
bars correspond to the absolute statistical errors defined by number of simulated events
(before the normalization).
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