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Zusammenfassung

Im Rahmen der vorliegenden Arbeit wurde der doppelte Dalédall » —
ete~eTe™ untersucht. Derzeit ist experimentell fir diesen selteteriall desn
Mesons nur eine Obergrenze fur das Verzweigungsverh@ikiannt.

Theoretisch wird von der Quantenelektrodynamik ein Verguwegsverhalt-
nis von etwa2.5 x 10~° vorhergesagt, dreimal kleiner als die gegenwartige ex-
perimentelle Obergrenze. Von wesentlichem Interesse bigrsuchungen dieses
Zerfalls ist die Moglichkeit, den Ubergangsformfaktor 2zsbmmen, der die elek-
tromagnetische Struktur des zerfallenden neutralen Meaamw; — ~*~* Ver-
tex beschreibt. Die invariante Masse der beiden LeptoepaaiEndzustand des
n — ete~ete” Zerfalls entspricht jeweils dem Betrag des Viererimpulsasse
virtuellen Photons. Die Kenntnis der Struktur des Ubergémgnfaktors kann
Hinweise geben, ob zweifache Vektormesondominanz in déurNealisiert ist
— eine Frage, die beispielsweise von groRer Bedeutung fim&aofalle und das
anomale magnetische Moment des Myons ist.

Mit dem WASA Detektor an COSY ist es erstmalig moglich, daszvesi-
gungsverhaltnis des Zerfalls — ete ete™ zu bestimmen. Die vorliegende
Analyse basiert auft- 10 Millionen aufgezeichneten—Ereignissen, die in der
Reaktionpd — 3Hen bei 1 GeV kinetischer Energie produziert wurden. Aus
diesen konnterf30 + 10) n — e*Te~eTe” Ereigniskandidaten herausgearbeitet
werden, entsprechend einem Verzweigungsvehaltniwor 107°.






Abstract

This work is dedicated to the study of the double Dalitz degay ete ete.

For this rare decay of themeson only an experimental upper limit for the branch-
ing ratio is known. The theoretical prediction is based oaQum Electrodynam-
ics for the branching ratio is about Z%0~°, which is a factor of three below the
experimental upper limit.

One of the main points of interest to study this decay is thesidity to
measure the transition form factor, which describes thetrelmagnetic structure
of the decaying neutral meson at the— ~*~* vertex. In the final state of the
decayn — ete ete” there are two lepton pairs, whose squared invariant mass
equals the four momenta squared of the virtual photons. mbhe/lkedge about the
structure of the transition form factor can indicate whetheuble vector meson
dominance is realized in nature, which has important inagikkms for kaon decays
and theu;, anomalous magnetic moment.

Using the WASA at COSY facility it is possible for the first tif@determine
the branching ratio of the — e*te~ete™ decay. The data analyzed in this work
were taken in the reactigni — 3Hen at 1GeV kinetic energy and contain 10
x 10¢ events of)-mesons. A sample ¢80+10) n — eTe~ete™ event candidates
has been extracted, corresponding to a branching rati®of 107°.
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Chapter 1

Theoretical Background and
Motivation

Introduction

The Standard Model of particle physics summarizes our ptésewledge of
fundamental particles and their interactions. The theomers the strong, elec-
tromagnetic and weak interactions between the elementarstituents of mat-
ter. The electromagnetic and weak interactions were cossbiogether into the
electroweak theory during the 1960’s by S. Glashow, S. Weamland A. Salam
(Nobel Prize in Physics in 1979). The Standard Model doesnthide the grav-
itational interactioh and must be therefore considered as incomplete. According
to the Standard Model matter consists of quarks and lepteinish interact via
gauge bosons. An interesting fact is that the matter sudiogrus today is made
up ofu— andd— quarks, electrons;, and the gauge bosons, while all other quarks
and leptons existed at an early stage of the universe anddagwacan be seen
only in cosmic rays and accelerator experiments. The ptiegeof the interac-
tions are characterized by certain regularities and symesawhich are reflected
into conservation laws according to Noether’s theoremdéé the table 1/.1.

The strong interaction occurs via the exchange of eight imssgluons, which
are the gauge bosons of the symmetry group SU(3). The weatdaaiion is medi-
ated by the three heawy'*, Z bosons of the symmetry group SU(2). The electro-
magnetic interaction proceeds via the exchange of the esssphoton which is
the gauge boson of the symmetry group U(1). The differenteden U and SU
symmetry groups is whether the group is abelian or non-abelihe consequence
of being non-abelian is that in the Lagrangian additionahteappear which lead
to a self-interaction of the corresponding gauge bosons.

1The influence of the gravitation is negligible for particleygics processes.

1



2 CHAPTER 1. THEORETICAL BACKGROUND AND MOTIVATION

Conservation law Strong Electromagnetic Weak
Energy E + + +
Momentump + + +
Electric Charge + + +
Baryon numbeB + + +
Lepton numbet + + +
Isospinl + 2 =
Isospin projection, + + -
StrangenesS + + -
Parity P + + -
Combined parityCP + + -
CPT + + +

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

Quantum chromodynamics (QCD) is the non-abelian gaugeyttoédne strong
interaction. The corresponding gauge bosons are eighirgetticting gluons,
which have colour charge and mediate the interaction betwaarks which also
carry colour charge In comparison, due to abelian structure of electromagneti
interaction U(1), the photon has no self-interaction ahdrefore, is electrically
neutral. The coupling constant of QCD is energy dependenhigkter energies
the distances are short and the coupling between quarksvgatser. In this case
guarks behave as asymptotically free particles and thisueegan be described by
the methods of perturbative QCD. The low energy regime of QGihasacterized
by two mechanisms: the confinement of quarks inside hadnodghe breaking
(spontaneous and explicit) of chiral symmetry.

At low and intermediate energies the distances become éang¢he coupling
constant becomes stronger. The self-interaction of glleads to the confine-
ment of coloured quarks inside bound objects, colourledsdmes, which are the
relevant degrees of freedom in this energy regime of QCD. étedare classified
into baryons {qq) and mesonsg{;). 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 consittee three
light quarksu, d and s to be massless. The spontaneous breaking gives rise to
massless excitations, which are the pseudoscalar, » mesons. The fact that
quarks have small, but non-vanishing masses leads to tHeiekpeaking of
the chiral symmetry. Therefore in the low energy regime tlethods of Chiral

2The term color is used by convention
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S|L|P[J

Pseudoscalar mesan0 | 0 | - | O~
Pseudovector mesanO | 1 | + | 1T
Vector meson 1/0|- |1
Scalar meson 1/1|+]0"
Tensor meson 111+ ]2

Table 1.2 Classification of mesons according to their sgirorbital angular momentum
L, parity P, total angular momentuni, total angular momentum combined with parity
JP.

Perturbation Theory (ChPT) are used. ChPT is a non-pertuebatethod based
on the idea that at low energies the dynamics should be dizatdoy the lightest
hadrons (the pions) and the symmetries of QCD, for examplalceymmetry.
More details can be found in|[2].

The n meson plays an important role in understanding of the lowgne
regime of QCD. All first order decays gfare forbidden because of conservation
laws and therefore are sensitive to higher order parametfeZ&PT. In addition
n decays allow to test the predictions of ChPT and help to vedida effective
theory for the hadronic scale.

This work is dedicated to one of the rareecay, so called double Dalitz decay
n — ete~eTe”. This electromagnetic process proceeds via two virtuatqgis
It was observed on the level of two events only, resultingieeperimental upper
limit [3]. This decay allows to test the realization of thect& Meson Dominance
Model in nature. The goal of this study is to determine thebhnang ratio for the
decay.

The work is organized as follows:

Chapter 1 contains the theoretical background and motivadistudy the de-
cayn — ete~ete, in chapter 2 the experimental tools are introduced, ch&ote
describes the software and analysis methods with focuseomtportant experi-
mental setup components. In chapter 4 the analysis chaesi@ibed. The result
for the branching ratio off — ete~ete™ is presented in chapter 5. The final
chapter summarizes this work and gives an outlook.

1.1 Physics of the; Meson

The n meson belongs to the ground state octet of pseudoscalammeso
shown in the fig. 1.1, with strangeneSs= 0 and electrical charg® = 0. The
n meson was discovered in pion-nucleon collisions at the Bewat Lawrence
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Figure 1.1The ground state pseudoscalar mesons octet in the coordinates oéagasg
Salong the vertical axis and electrical cha@e&long the diagonal axis.

Berkeley National Laboratory in 1961 [4]. The basic progsrtf they meson are
listed in the table 1.3.

In terms of the quark model all mesons are quark-antiquastesys. There are
nine gg combinations among, d ands quarks and their antiquarks. Theneson
is a linear combination of the octef and singlet); states, given by the formula:

n = ngcos(8) — nysin(0) (1.2)
where octet)s and singlet); states have quark composition given by formulas:

Ng = %(uﬂ + dd — 2s3) (1.2)
m= %(uﬂ + dd + 55) (1.3)
n= %(uﬂ + dd)cos(a) — 55 sin(a) (1.4)

The mixing angle was estimated in the range(13.83° — 18.76°), from the
analysis of various decays of vector and pseudoscalar mgsea [5], [6]. The
mixing anglex is related td: o = 6 + 54.7°, see [7].

Recent measurements by CLEO-c [8] and KLOE [9] have confirmedi&48
[10] value forn meson mass and nowadays the mass ofj tineson is known with
a good precision. However, many rare decayg @fere not measured precisely
because of lack of large statistigssamples. The) meson can participate in the
weak, strong and electromagnetic interaction. This andatively large mass
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My, (547,51+ 0.18) MeV
Decay width 1.2 keV
life time 5x107 s
B, L 0
S 0
I 0
Q 0
JPC 0—+
G +1

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

cause they meson to have many decay modes [7]. An overview décay physics

is givenin[11, 12]. However, all decay modes via the strabgctromagnetic and
weak interaction are forbidden in the lowest order, whigblaxs why the;, with

a life time of5 x 10719, is relatively long lived particle. The positive eigenvalu
for n charge conjugation{) implies that decays into an odd number of photons
are forbidden since the photdheigenvalue is negative. Thus, also the very rare
n — wleTe™ decay is forbidden if the electron-positron pair comes feowirtual
photon. The decays into lepton-antilepton pairs> .~ andn — ete™ cannot
proceed via a single virtual photon intermediate stateesine spins of an meson
and~ differ by one unit. Within the framework of the Standard Mbthe decays
which are dominated by a two virtual photon intermediatéeestae suppressed by
helicity factorsm;/m, at eachyl*l~ vertex. Thus the rates of these decays are
small and they might be sensitive to hypothetical inteani

Manyn decays are forbidden by, C'P symmetries, for example the hadronic
decays; — 7%7% andn — =*7~. 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]. Electromagnetitisture of charged
particle can be obtained by scattering of the charged pitaatprobe on it. The
modification of the differential cross section by the chadgribution in the ob-
ject of study is given by:
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da_da

dE A IF(¢*)] (1.5)
point

Wherec%‘%m,mt is the differential cross section for the scattering of actebn
by a point-like charged particle, based on the predictioosfQuantum Electro-
dynamics (QED). The form factaF'(¢?) in characterizes the spatial charge
distribution in the particle and can be determined by comngagxperimental re-
sults on the differential cross section with the exact datean for point-like par-
ticle. In the non-relativistic case the form factor is rethto the charge density
distribution, described by a Fourier transformation.

The spatial structure of neutral mesons cannot be studiedsimilar way
because the process with single photon exchange is fonidde toC' - par-
ity, conserved in strong and electromagnetic interactieae table 1.1. Thus the
electromagnetic form factors of neutral mesons are always and the internal
structure of neutral mesons can manifest itself in radkadigcays into a photon
and meson of opposit€ - parity: P — V~. The photon can be real or virtual,
in the latter case the virtual photon decays into a lepton/pai, that is called
internal conversion

P—Vy = VIt~ (1.6)

The invariant mass of the lepton pair equals to the four-mmome of the vir-
tual photon. The lepton invariant mass distribution degemtthe electromagnetic
structure at thé> — V transition vertex, which is due to a cloud of virtual states.
The dynamics of this mechanism is described bytthasition form factor- the
function of the four-momentum of the virtual photon. Mordalks can be found
in [14].

The vector mesof in the[1.6 can be replaced by a photon, in this case the
decay is calleagsingle Dalitz decayP” — ~vvy* — ~I™l~. The lepton pair mass
spectrum is given by formula:

didr’
dq2 B dq2point
The electromagnetic properties of the decaying me3can be studied at~y
vertex. The transition form factaFry(,)(¢*) in the[1.7 can be calculated from

QED and normalized to the two photon decay width. Then thtotepair mass
spectrum is obtained:

| Frvin (@) (1.7)

dU(ITl7 ) 20em 4m? 2m? 1 @ o 19
- N I Yl QR S 1.8
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Decay Experimental value SM predictions
vy (3.93+0.02) x 10!
ete (7.04+0.7) x 1073
Wy (3.14+0.4) x 107*
whp” (5.8 40.8) x 107°
ete” < 2.7 x 107° [20]
ete"ete” < 6.9 x 107° [19] 2.6 x 107° (QED) [21]
ptp—ete” < 1.6 x 107%[20] | (1.57 —2.21) x 107° [21], [23]
phrp 3.6 x 1071[20] (2.4 —3.7) x 1079 [23], [24]
Yy <28x107* 3 x 100 - 12) [27]
Yyy <1.6x107°
pre” +p~et <6x107° 0

Table 1.4Non hadronic decay modes of theneson. The range for the predicted branch-
ing ratio is an estimate of the influence of the form factor taken from [21]28H

Three electromagnetic decays of the; — iy, — [lI'l',n — Il contain in-
formation about the transition form factor which is paraeneed by the function
F(qi,q3,m;), describing theyy~ vertex. Herey,, ¢, are the four-momenta of the
two photons. The transition form factor for single Dalitzdg F (7, 0,m;) has
been measured fairly well for the decay— ~vu* 1~ in [16], also for an overview
of then decays see [17].

1.3 The Decay Mode; — efe ete™

The decayy — ete e'e™ is closely related to the radiative decays— 7,
n — yrtw~, n — ~vete™ which are driven by the chiral anomaly of Quantum
Chromodynamics. The — efteete is due to the triangle anomaly and up
to one-loop order this can be represented by the Feynmanadiain fig./ 1.2a.
The decays of the meson with lepton pairs can be related to the corresponding
radiative decays with one or two photons using Quantum Eldghamics and
by introducing the transition form factdr (¢, ¢3, m;). The decay proceeds via
two virtual photons each converting to a lepton pait: — ete™. Within the
Vector meson Dominance Model (VDM) the interaction betw@emeson and
two virtual photons proceeds via two vector mesons in thermédiate staten(w
for example), fig. 1.2b. In the final state this decay has feptdns or two dilepton
pairs and is calledouble Dalitz decay18]. The four-momenturg of the emitted
virtual photon can vary between twice the lepton mass anthtss of the meson.

The main interest in the lepton pairs is the fact that themiant massi.+.-)
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a) b)

Figure 1.2:The diagrams forp — eTe~eTe™ decay: a) Quark loop: triangle anomaly
and b) Vector meson Dominance Model: vector mesons mediate the interadtisehe
then and the virtual photons

is equal to the four momentum transfer squargdl i the process of virtual pho-
ton emissionm.+.- = ¢°. Thus, the four-momentum squared distribution of
virtual photons becomes experimentally observable bynateconversion of the
virtual photons to lepton—antilepton pairs. The invariauaiss of the lepton pair is
an experimental observable while the momentum of the ighaton can not be
measured.

Fig./1.3 shows a two-dimensional distribution of momentanaf virtual pho-
tons of the double Dalitz decay of themeson. The surface shape will tell about
the function which describes the momenta distributiomtf Thus, then —
v*v* — eTe eTe” decay allows to measure themeson transition form fac-
tor as a function of the momentum-squared of the two phofofag, ¢35, m;) in
the time—like region for four—-momenta between twice thédepmass and the
mass of the). The four—-momentum distribution of the virtual photons elegs
on the electromagnetic structure at ghe» v*~* transition vertex. The form fac-
tor correspondingly contains then dynamic informationudhibe electromagnetic
structure of the decaying meson [14].

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

didr’
dq2 B dq2p0int
where the spectrum of effective masses of the lepton painsdmt—like ob-

jects,%pomt can be calculated reliably from QED, and the transition féewtor

|F(qi, g3, m2)|? (1.9)
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Figure 1.3:Simulation: two-dimensional  Figure 1.4Momentum squared of one of
distribution of the momenta squared of the virtual photons fromy — ~*~* with
two virtual photons fromy — ~v*y*: ¢ F(q?) = 1 (black) and with a pole type
on the X-axis vsg5 on the Y-axis,F = form factor from equation 1.10 (blue).
f(Q%vqgvm%) =1.

can be obtained experimentally.

In the left part of equation 1.9 is a differential decay widibdified by intro-
ducing the structure of the region of interaction. In théatigart there is a known
cross section for point-like objects multiplied by traritform factor, which can
be obtained experimentally. Including the form factor nfiedithe mass spectrum
of lepton pairs, as can be seen in thelfig. 1.4, where a polefdyprila was used
for the form factor:

F 2 2 A4
(ai.42) = (A2 —g}) (A2 — ¢3)

which corresponds to the standard double vector meson @mrenmodel.
For the parameteA a mass of770 MeV/c? close to the mass of the meson
was taken. The effect becomes significant for higher masgesie two curves
diverge. The effects of different form factors in meson{einephoton processes
were investigated in 2001 by Johan Bijnens and Frederik Bef25].

Based on Quantum Electrodynamics, with a transition forrtofale(¢?, ¢3) =
1 already in 1967 Jarlskog and Pilkuhn [21] evaluated th® fladised on earlier
calculations/[22]:

(1.10)

Fn—>e7L e~ete~
FW—’77

As can be seen from comparing equation 1.9 and 1.11, the decay e ee™

R, = =6.6x 107° (1.11)
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can be related to the — ~~ decay by using Quantum Electrodynamics, where
both photons are real and the transition form factor is ntim®e to unity at
¢ = 0,92 = 0 (because for real photons., = 0), it implies the region of in-
teraction is a point-like:

F(0,0,m;) =1 (1.12)

According to equation 1.11 the branching ratioB®,,_..+.-c+.- = 2.59 X
10~°. The calculations in [22] were done within QED, neglectingrass term
x;; In the amplitude which originates from the exchange of i@htieptons or
antileptons in different pairs. Similar calculations wel@ne in [24] neglecting
form factor influence. The result for the branching ratiohagbnsideration of the
cross termy;; gives BR = 2.56 x 107°. Neglecting the cross term the branching
ratio slightly changesBR = 2.41 x 10~°. Other calculations of the branching
ratio with the cross terny; were presented in [25]. The neglection form factor
result gives the branching ratib52 x 10~°. Including the form factor from the
VDM, three different form factor were used and the branchatg was found in
the rangg2.52 — 2.65) x 10~°. The most recent calculations were done in [26],
for QED case without cross tergy); the branching ratio was fourtds5 x 107?,
with cross tern2.54 x 107°. Introducing two different form factors from VDM
gives the range for the branching ratib54 — 2.67) x 10~°.

Thus, the results for the branching ratio based on QED agitherwell be-
tween each other. As can be seen introducing the form faatoeases the branch-
ing ratio. In general the branching ratio for— eTe~eTe™ does not expose sig-
nificantly either by introducing the form factor or the créssny ;. The influence
of the form factor on lepton pair invariant mass spectrum gesonstrated in the
figure 1.4: the effect becomes larger for higher masses.

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

1.4 Available Data

The decayy — ete ete™ has not been yet observed and the only experi-
mental data offer an upper limit for its branching ratio. Theoretical predictions
based on Quantum Electrodynamics give a branching ratib6ok 1075, [21].
The latest experimental limit on the— ete~ete™ branching ratio comes from
the CMD-2 experiment [19] at the VEPP-2&t e~ collider. The upper limit for
the branching ratio of the — ete eTe™ was measured to be 6<90~° with
a confidence level of 90. WASA/CELSIUS found two event candidates of the
n — eTe~ete” with an upper limit of 9.% 1075,

In parallel with the WASA activity there are ongoing studipsrformed by the
KLOE experiment at the DAFNE* e~ collider in Frascati [30], with one of the
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focuses of experimental program includimgecays. In the frame of public meet-
ings the KLOE has reported about 400 event-candidates aof theete ete™
decay. Therefore it is very interesting to compare two irhejent measurements
for the rare decay.

1.5 Whyn — efe ete” with WASA-at-COSY ?

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

WASA was designed for studies of the decay products of ligasaons, par-
ticularly it was optimized for dilepton pair identificatidoy introducing material
and dimensions to reduce the probability of photon conwarghe details will be
discussed later in chapter 2. As it was mentioned, the uppérfbr the branch-
ing ratio is the only experimental information and WASA/CHUS has already
identified it. The measurements were based ®dx &0° n-s sample and now using
the upgraded facility, having abundapsample and known methods which were
used by WASA/CELSIUS, it becomes possible to obtain a solmler for the
branching ratio and later focus on the lepton mass specity.st

In this thesis a statistically more significapsample is analysed with a similar
method to that used by WASA/CELSIUS, therefore it can be ebgueto produce
a solid number for the branching ratio with lower statidteaor. The aim of this
thesis is to presenj — ete ete™ event candidates with reasonable signal-to-
background ratio and to determine the branching ratio ofjthe ete ete™.
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Chapter 2

Experimental Setup

Any experiment in nuclear physics has the goal to explorétiieling blocks
of matter by colliding particles at high energies and regisg the produced re-
jectiles. An experiment includes three major parts: anlacator facility, a target
and a detector setup. The accelerator facility deliversaarbef particles which
interacts with the target and the products of this intecaicéire registered by a sys-
tem of detectors. Instead of a fixed target a second beamt¢lparcoming from
the opposite direction can be used, in this case the actmldaaility is called a
collider.

The Wide Angle Shower Apparatus (WASA) was designed to sligthy me-
son production in hadronic interactions and their decalge.mesons are produced
in proton-proton and proton-deuteron interactions. @ady it was operated at
the CELSIUS ring in Uppsala, Sweden, with proton beam momenta up to 2.1
GeV/e. In summer 2005 after the shutdown of CELSIUS the setup wastra
ported to COSY facility, Juelich, Germany, which offers higher beam motaen
up to 3.7GeV/c as well as polarized beams. This adds possibility to stubgrot
mesons than such asy, w, ¢.

After the setup was transferred to Juelich, its componeatsmspected in the
laboratories of the Nuclear Physics Institute. Certain mications and upgrades
were done in order to improve the detector performance. ke acquisition has
been renewed.

The detector is operated with an internal hydrogen and deutarget using
a pellet target system with effective target densities0'> %22 providing high
luminosities in the order of0*2cm 2571,

!Cooling with Electrons and Storing lons from Uppsala-cico
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] providinghhpreci-
sion proton and deuterium beams in the momentum range fr8@@//c up to
3.7 GeV/c. The accelerator complex depicted in the figure 2.1 coneistev-
eral ion sources, the isochronous cyclotron, a 100 m loregiign beam line, the
COSY ring with a circumference of 184 m, and extraction beamdlito external
experiments. The cyclotron serves as injector to COSY arebi®y either unpo-
larized or polarized?~ and D~ sources. The injection momentum of the ions is
296GeV/c.

COSY has the shape of a longitudinally stretched ring withawosections of
52 m length and two straight sections of 40 m length, wherertteznal experi-
ments are located. Comparing with the conditions at CELSIUS;COffers cer-
tain improvements in experimental conditions: fast magastping, dispersion-
free target position, electron and stochastic cooling asthaoth microscopic
time structure of the beam. The COSY ring can be filledl0p particles lead-
ing to typical luminosities of 03'cm~2s~! with a cluster target anth3?cm —2s~!
with a pellet target. Two cooling systems [33] are used:ted@ecooling at injec-
tion energy and stochastic cooling for higher momenta. Taet®n cooling is
used with 22eV electrons to increase the intensity of the polarised prb&am.
Stochastic cooling is working in the proton momenta rangevéen 1.5GeV/c
and 3.5GeV/c.

After acceleration and injection, the beam is stored andeamsed for exper-
iment. In case of internal experiments, the beam interastsslits intensity. Thus,
the beam in the storage ring has only a certain lifetime. Whenused up, new
particles have to be injected. The time between two injestie called a it cycle.
A typical beam cycle during the beamtime in November, 2008hiswn in the
figure 2.2. The beam intensity is defined by the beam currehisaglecreasing to
the end of the cycle due to interaction with the pelletsgfelhg the black curve.

2.2 Pellet Target

The study of rare processes puts some demands on the tasgétlae effec-
tive target thickness (in the order 0k20'°42%2) a good definition at the interac-
tion point definition and access to a solid angle closettodhother requirement is
especially important for final states with electron-pasitpairs - that there should
be only little material for the reaction products to reach detectors. This helps
to minimize the background from photon conversion. All gnesquirements can
be met with a pellet target.

The pellet-target system is an unique target developedcpkmtly for high
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Figure 2.2:Beam current in arbitrary units and pellet rate per second on the Y-gus a
function of time in cycle on the X-axis during a beamtime in November, 2008tiogac

pp — ppn at 1.4GeV . That illustrates how the beam intensity is decreasing due to beam-
target interaction.

luminosity and high precision measurements [34]. The sptoguces a narrow
stream of frozen hydrogen droplets which cross the beancabytfrom above.
The idea of using a running stream of droplets was first prepas 1984 by Sven
Kullander at CELSIUS.

The layout of the setup is depicted in figure|2.3. The pellatgator is located
on top of the setup where a high purity jet of liquefied gés, (D;) is broken up
into individual droplets by vibrating glass nozzle. When theplets enter the
vacuum chamber through an injection capillary they freeze @ evaporation
and become solid spheres or pellets. At the same time thegcasderated up to
velocities of 10071/ s by the gas flow through the capillary. Further down a skim-
mer is used to collimate the pellet beam before entering ¢fietdpeam tube. The
pellet tube is 2n long and has a diameter ofnim. The pellets have a size of 20-
40 ym and form a pellet beam with a diameter of 2#4n at the interaction point.
The small size of the pellets is one of the important pararaéteachieve a well
defined interaction point and to reduce the probability @ioselary interactions
in the target.

The initial droplet rate is determined by the vibration fueqcy of the noz-
zle. However, mainly due to turbulences during the vacuygttions the typical
pellet rate is 3000-10008 ! after collimation at the interaction point. The typi-
cal operation parameters of the pellet target are sumnuhirizéhe 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 thet pelam dump
and the gas from the evaporating pellets is removed by tunbapg.
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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 thedop, th
vacuum capillary in the lower part.
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Pellet size 20-4Qum
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 liglsome It can
be divided into two main parts, the forward and the centrég¢cter. The forward
detector provides the reconstruction of the recoil patieind allows to tag on the
produced meson via the missing mass technique. The cestegitdr then detects
and identifies both charged and neutral decay products admses

A cross section of the complete setup is shown in the figureThé WASA
master coordinates, y, z are given in a right handed coordinate system with the
origin at the vertex of the reaction. The z-axis is directeh@ the beam, the
x-axis goes perpendicular to the z-axis outward from the C@8Y in the hori-
zontal plane, the y-axis is orthogonal to x-z plane direciegards.

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

2.3.1 Central Detector

The central detector measures charged particles and ghot@mnating from
meson decays. The Mini Drift Chamber (MDC) and the PlastictBleator Barrel
(PSB) are placed inside a magnetic field provided by a supdumimg solenoid.
With the MDC the momenta of charged particles are measuregasitively and
negatively charged particles are distinguished by the ibgrdirection of the track
in the magnetic field. The PSB also delivers information allo@ energy deposit
of charged particles and provides fast signals which ared asetrigger level.
In addition the Scintillator Electromagnetic Calorimet8EC) surrounds MDC
and PSB and measures the energy deposit of both charged aimdl particles.
In combination with the information from the PSB one canidatish between
charged and neutral particles.

The Central Detector covers polar angles in the range from@®Q@69 and
the complete azimuthal angular range. All three comportegsther provide the
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Figure 2.5:Cross section of the WASA detector. For a discussion of the individuat co
ponents see text.

full four-momentum for each patrticle.

2.3.1.1 Mini Drift Chamber

The MDC is used to measure charged particles. It is builtraidbe interac-
tion point covering scattering angles fratd°® to 159°. The detector consists of
1738 drift tubes in a cylindrical geometry. The tubes areaniged into 17 con-
centric layers centered at the beam axis. In order to keeprtiwint of material
low and to reduce secondary interactions, each tube is rmaded thin 25um
aluminized mylar wall tube and a stainless steel sensitive @ 20 .m diameter.
These type of drift tubes is calledraw tube.

The mechanical construction of the MDC is symmetric withpees to the
Y Z—plane and can be divided into two halves: each layer of the MB3ists of
two semi-layers, which form a cylindrical surface. The moser and outer layer
of the straw tubes are located in radii of 41 and 203 mm res@dctNumbering
the layers from inside to outside, the nine odd layers arallghto the z—axis
while the eight even layers are stereo layers with diffesietv angles@® — 9°)
with respect to the—axis. Therefore, the axes of the tubes in stereo layer form
a hyperboloidal surface. The axial layers provide two-disienal information
about the track coordinates in théY -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 thesaxesil-
limeters.

used to measure thecoordinates of the track.

The layers can be divided into three groups with diameteds 6fand 8 mm.
The first five inner layers have a diameter of 4 mm. Furthermihie length of
these tubes is increasing from inside to outside due to the sbape of the scat-
tering chamber in forward direction (see the black contauhe figure 2.5). The
outer most twelve layers have the same length: the layens $i to twelve have
a diameter of 6 mm, the five outer layers have a diameter of 8 Aitayers are
aligned with respect to the backward end of the MDC, see figulfel@ft. Each
layer is supported byl — Be (50% Al-500% Be) semi-cylindrical plates, i.e. semir-
ings, see figure 2.7. These semirings are interleaved wethttaAw tube layers and
finally the whole construction is covered by a 1 mm thitk— Be cylinder. Each
semi-layer can be flushed with gas individually. The serpeta were joined into
one layer which is flushed with gas. Thus, each MDC layer isitaced by means
of input and output gas flows. During the inspection of the Mi¥fore the instal-
lation at COSY gas leakages were identified and classifieddgdk losses.

The MDC is operated with a commonly used gas mixture: 80-%nd 20
% CyHg at atmospheric pressure. This choice of the gas mixtureédwesa ad-
vantages: relatively low operating voltage can be appletthé wires in order to
provide a high rate capacity and, therefore, the operatemoimes more safe, as
the major component of the mixture is noble gas the low ictéra ability of gas
with material of straws prevents froaging effect§35]. Another advantage is the
linear drift function of the gas mixture. Additional infoation 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 interlegtethe
parallel layers. Right: barrel part of the PSB(blue) covers the MDErkay

Signal wires are connected to newly developed electrorassdon CMP-16
amplifier-discriminators (for details see [36] ) via combihsignal-high voltage
cables. The CMP-16 modules produce a logic signal in the L\é2®dardwhich
is then passed to a TOC

The working principle of the MDC is based on the motion of cjeat particles
in an electric field: when a charged particle crosses a gasnsthe gas is ionized
and the produced electrons are accelerated along theiekstt, finally produc-
ing anelectron avalanchand positively charged ions in the region close to the
anode-wire. The information about the coordinates of trergdd particle track
is determined through the measurement of the drift time e€tebns and ions,
more detailed information can be found in [37]. The chambeasures three di-
mensional trajectory of a charged particle in a nearly unmfaagnetic field, then
the momentum is calculated from the curvature of parti@dgettory in magnetic
field.

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

The MDC performance during the beamtime in spring 2008 isvshio the
figure/2.8. This study is based on the reactipn— dn* at 600M eV, where
the " is identified in the Central Detector by PSB and SEC and thecdentis

3Low \oltage Differential Signal
4Time-to-Digital Converter
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Figure 2.8:The MDC layer efficiency based on the tracks reconstructed by the R$B a
SEC. The lower efficiencies of the first layers are due to larger amduntt sesponding
channels, the fifth layer has the largest number of 20% damaged tubetotad number
of tubes in the layer.

detected in the Forward Detector. The signature of the twey lveaction allows

the preselection of a clean sample of one track events in the& ®etector. The

histogram illustrates the individual layer efficienciested MDC, which are based
on the amount of MDC tracks relatively to the tracks found BBrRand SEC. The
average efficiency is around 80for individual layers.

2.3.1.2 Plastic Scintillator Barrel

The Plastic Scintillator Barrel (PSB) surrounds the minitdethamber and
consists of three parts: the central (barrel) part and fodvead backward end
caps, see figure 2.9. The central part has a cylindrical gegramund the beam
axis. Each part is made of 48 thin plastic elements of 8 mnktigss, see figure
2.3.1.2. The most bottom and the most top elements in thelkae divided into
two halves in order to provide space for the pellet targed piipe gaps are visible
in the figure 2.9.

The elements in the barrel overlap by 6 mm. With such desigs patween
two neighboring strips can be avoided and resulting in areesed detection effi-
ciency. The forward and backward parts consist of elemdritapezoidal shape,
see figure 2.9. The elements in the forward cap are perpdadtoithe beam axis
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Figure 2.9:From left to right: forward, central and backward part of the PSBo Tiwles
situated diametrically opposite in the central part are for pellet target pipes.

and flat, forming a disc. The elements in the rear cap areniedloutward and
form a conical surface with an angle of'6@&ach element is read out individually
by a photomultiplier. The scintillation light is transfed from the scintillator to
the photomultiplier via light guides.

The PSB provides time and amplitude information and has twportant
functions:

e as a thin plastic scintillator it provides fast time sigrfaisthe trigger logic
discriminating charged and neutral particles

¢ the energy deposit is used for particle identificationAXia-p plots.

2.3.1.3 Superconducting Solenoid

The Superconducting Solenoid (SCS) surrounds MDC and PSPBrandles
an axial magnetic field along thg-axis. The thickness of the solenoid is opti-
mized such, that photon conversion is minimized. Accurdcthe energy mea-
surements in the calorimeter and equals to 0X}8The coil is cooled down by
liquid helium and operated at 455

The return path for the magnetic flux is provided by an ironejdke red thick
contour in figure 2.5. The yoke has two purposes: it confinesrtagnetic field in
the central part of WASA and serves as support structuréntophotomultipliers
of the calorimeter. It contains 1012 holes for connectirgdhlorimeter crystals
to their photomultiplier tubes by means of plastic lightdgs. The magnetic field
was measured by a hall probe. The field distribution was tatledi and compared
with simulations of magnetic field distributions. The distition of the magnetic
field inside the iron yoke calculated for a coil current of 68%s 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 tfamed by lightguides

(D).

figure 2.11. The field uniformity inside the MDC is 1.2220% 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 pthdetween the
solenoid and the iron yoke, covering the MDC and the PSB. Isists of 1012
sodium doped”'sI crystals for measuring energies and angles of photons and
charged patrticles in the polar angular range betweéra@@ 169.

The SEC is divided into three parts: the central part and mebaaps (back-
ward and forward), see figure 2/12. There are gaps betweerettieal part and
end caps which are needed for the lightguides of the Plastittiator Barrel.

It covers nearly the complete azimuthal angle fromd®360 having two holes
for the pellet pipe and the solenoid chimney for liquid helignot shown in the
figures).

Each crystal has a shape of truncated quadrangular pyréigudg 2.13). The
crystals are organized into 24 rings (layers) with centdrsated on the beam
pipe axis. The forward end cap is represented by 4 layers ofyéfals each and
covers the scattering angle in the range an2®. The central part consists of 17
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Figure 2.11Calculated 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 magneticdiless.
Contour maxima are indicated by lines marked A-H, where: A =0.10 T, B=0.250.50
T,D=0.75T,E=1.00T, F=1.20 T, G=1.30 Tand H=1.50 T.s

layers with 48 crystals each, covering an angular rangel40° and the backward
end cap (red elements in the left part of the figure 2.12) wildy@rs of crystals
covers the angles up to 169More detailed information about the mechanical
construction of the SEC can be foundin [39], [40].

The placement of the solenoid inside of the calorimetemallsing photomul-
tipliers outside of the return yoke. Lightguides are usedsignal transmission
from the crystals to the photomultipliers through the irake, see 2.13. Thus,
all read out electronics is situated outside the magneid &ed not affected by
that. The SEC is involved in the trigger logic by using theonmhation about the
multiplicity of groups of crystals above a variable energseshold.

The minimum energy for photon detection in SEC is around 2 Médé rel-
ative energy resolution for photons is given 8y:= f’%, where the energy E is
measured irizeV. The angular resolution is limited by the crystal size.

2.3.2 Forward detector

The forward detector measures charged recoil particleseatiered projec-
tiles in the polar angular range betweena®hd 18. It consists of 11 scintillator
hodoscopes in different configurations and 4 planes of siuaes. The subdetec-
tors form a sequence of planes each one perpendicular te#me axis except the
first layer of the Forward Window Counter. This resembles th@aal surface of
the exit window of the scattering chamber, see 2.5.
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Figure 2.121 eft: the view cut of the Scintillating Electromagnetic Calorimeter, crystals
of the backward part are marked red, crystals of the forward pannarked green, the
central part crystals are white. Right: the coverage of the polar angleebgalorimeter.
The numbers on the top correspond to the numbers of crystals per caloningte

Figure 2.13Fully equipped calorimeter module with Csl 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 sciatdrs is used in the
trigger logic and later for particle identification by usitig AE-E technique. The
straw tube detector is used to improve the angular resolbifaneasuring precise
track coordinates.

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

2.3.2.1 Forward Window Counter

The Forward Window Counter is the first subdetector followdmg exit win-
dow of the scattering chamber. It consists of two layers aitd@tor counters
in apizza-likeshape. Both layers are made froman thick plastic scintillators.
Each layer consists of 24 radial segments which are readhdividually by pho-
tomultipliers. The layers are shifted by half of segmenpeesively to each other
providing overlap between scintillators and, thereforegiaplete coverage in az-
imuthal angle. The first layer is inclined by 8fespectively to the beam axis and
adheres closely to the scattering chamber surface, forenganical surface. The
second layer is planar, perpendicular to the beam axis asitbisted right after
the first layer, see figure 2.14.

Using this detector in the trigger significantly reduces blaekground from
secondary interactions in the beam pipe. A low and high Huoiglson the ampli-
tude allows the discrimination of particles according teithonization density.
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This is used to separatdie tracks from the protons and deuterons, sihfe
ions deposit more energy than protons and deuterons. Tihpigviides cleaner
tagging of thend —3 Hen reaction already on trigger level.

2.3.2.2 Forward Proportional Chamber

The Forward Proportional Chamber (FPC) is placed directbr dlfte Window
Counter. It consists of 4 planar modules, each with four kpérl22 cylindrical
drift tubes (straw tubes) of 8 mm diameter. Similar to MDC, 86e1.1, the tubes
are made from aluminized mylar of 26n thickness. The sensitive wire is made
from stainless steel and has a diameter of.20. Each wire is stretched with a
tension of 40y.

The straw tubes in the layers are staggered by shift of oreertadius respec-
tively each other. This is the most dense configuration,igiog as much as many
tubes as possible along the straight trajectory of thegartrhe first two mod-
ules are rotated by -4%nd +45 degrees in azimuthal angle, see figure 2.15. The
tubes in the third module are parallel Yo-axis and in the last, fourth, module
the tubes are parallel t& —axis. Similar to MDC, the straw tubes of the FPC are
read out from one side by the same electronics, howevereiifteéo the MDC the
electronics is mounted directly on the modules, avoidiggmai transmission via
the high voltage-signatables.

The FPC is supplied by a common gas system for straw deteptangding
20%(C', Hg-80%Ar gas mixture under atmospheric pressure. In September 2007
all four modules were installed and operated all togetheffitist time. The FPC
serves as an accurate coordinate detector providing praoigular information
for reconstructing tracks of the particles originatingnfrthe target region.

2.3.2.3 Forward Trigger Hodoscope

The Forward Trigger Hodoscope is the next scintillator deteplaced after
the FWC. It is built from three layers of/&am thick plastic scintillators. The first
layer counts 48 sectors in a pizza-like manner. The two stlagfers consist of
24 elements each, built as Archemedian spirals with diffeogientation to each
other. Such a special geometry provides a pixel structure.

In figure 2.16 the situation with two charged tracks cros#ieg-TH elements
is shown (fired elements are marked black). In the right péregbrojection of the
layers illustrates how two tracks cross them, each poirgfimdd by the elements
from three layers. With this structure it is possible to gamulti-hit ambiguities.
All elements are read out individually by photomultipliers

The FTH plays an important role in the trigger logic. It prd®$ hit multiplic-
ity as well as azimuthal and polar angular information onttlgger 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 bettéardlios).
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Figure 2.16The 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 2.17The FRH layers are situated behind each other, the dimensionssare.in

2.3.2.4 Forward Range Hodoscope

The Forward Range Hodoscope (FRH) is a system of five layersobf phas-
tic scintillators: the first three layers have a thicknes& 1 mm thickness, the
other two of 150mm. Each layer is a disc with 24 plastic scintillators, arrahge
in a pizza-like manner. The diameter of every next layer ¢saasing, in order to
cover the full angular range up to L8 he fifth layer diameter is the same as the
fourth, see figure 2.17.

The main purpose of thick detector is to measure the enesgydbthe parti-
cles, which will then be used to recalculate the initial kinenergy at the interac-
tion point. The stopping power of the Range Hodoscope forgi®a00M eV, for
protons 36QV/eV/, for deuterons 450/¢V, 3 He ions 1000/ eV can be stopped
anda-particles 110QV/eV. 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 lageshope placed
between the second and the third planes of the FRH. There aesetégular ele-
ments in each layer, in the first layer the elements are sititadrizontally and in
the second - vertically, see figure 2.18. This is an additisaiatillating detector
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Figure 2.18: The FRI hodoscope: Figure 2.19: The FVH hodoscope:
two layers of scintillators perpendic- one layer of scintillators.
ular to each other.

for a position measurements inside the FRH, it helps to ssp@econdary inter-

actions inside the FRH material. More detailed informatibowt the FRI can be
found in [42].

2.3.2.6 Forward Veto Hodoscope

The Forward Veto Hodoscope is the last active componentarF. This
is one layer of twelve horizontally oriented rectangulaspic 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 foom both ends
by photomultipliers. The FVH is used in the trigger logic tbe registration of
punch-through particles and identification of certain wgneel reactions.

2.3.2.7 Forward Range Absorber

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

The FRA was designed to stop slow protons frgqproduction in proton elas-
tic scattering reactions. Fast protons penetrate the FRAragger 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 monitorifigghotomultipliers
in the whole detector. The light pulser provides a referdigte pulse for each
photomultiplier, which can be used for monitoring its stipiThere are two types
of light sources: one "slow" source for monitoring of the gmtltipliers of the
calorimeter and four "fast" LED-based sources for the phottpliers of the
plastic scintillators.

The light pulser monitors the stability of the scintillaticounters with a pre-
cision~ 1 %, which corresponds to the energy resolution for stopetigies.
The system has the possibility to change the intensity ot fiiggshes that also al-
lows to study the calibration and linearity of the detectérsletailed information
about the light-pulser monitoring system can be found if}.[43

2.4 Data Acquisition system

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

The DAQ, currently used at WASA, belongs to the third genenabf the
DAQs developed by Central Institute for Electronics (ZELL&SY. It is able to
provide a read-out with short dead-times in the order of @@s&nd, thus, allows
the WASA detector to run at high luminosities and high eveés. For details
see [44].

An overview of the DAQ system developed for WASA is shown inufig2.20.
The analog signals from the detectors are processed thtbagineamplifiers, dis-
criminators and splitters and transformed into digitahsig by TDCs and QDCs
TDCs and QDCs are continuously digitizing and storing the aiggm internal
buffer. This allows trigger delays up tq:2 and avoids delaying the data signals.
The plastic scintillators provide both time and amplitudi@rmation and are read
out by TDC and QDC modules. The straw tube detectors provmke informa-
tion only and are read out by TDC modules. The TDC and QDC nexdate
organized in LVDS crates, each crate is equipped with a systatroller for the
communication between the crates and the readout computey$ee figure 2.20.
All data are collected by an event builder and finally storedlisc. The design of
the DAQ allows data rates ¢ 80 M B/ s.

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

2.5 Trigger system

The goal of the trigger system is to reduce the initial amadmvents by se-
lecting those that satisfies the experimental interesestfigger system of WASA
is drawn schematically in figure 2.21. In general, the triggen be divided into
fastandslowtriggers. Fast triggers are produced by the plastic skatuils from
all over the setup. This type of trigger is based on hit mlittijles of detector
layers, their coincidences, cluster multiplicities aratk alignment in the forward
detector. The slow triggers use the information from the SEi@ster multiplicity
and energy deposits in the crystals (e.g. so-called ermrgytrigger).

Following the scheme in the figure 2/21, the multiplicityrsads are matched
and than combined into more complex trigger expressiongebBding on the fre-
guency of the triggers they can be prescaled in order to baltre event rate.
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Figure 2.21The schematic drawing of the trigger system.



Chapter 3

Data Analysis

The data analysis includes the decoding of the digitizeormétion, calibra-
tion of the detectors, track reconstruction and comparteerexperimental data
with simulations. The data analysis is implemented usimgsibftware package
RootSorter (see Section 3.1), based on ROQOT [45] - a techrimuscientific
programming. The sketch of the data analysis chain is degpictfigure 3.1.

Following the scheme from the top, there are two possibletsfor Root-
Sorter: experimental data as they come from the data atiquisind simulation.
In case of simulations the desired reactions are generateg the event generator
Pluto. Then the generated events are tracked through tbetdesetup, described
by a GEANT3 based on Monte Carlo simulations.

Simulations are always necessary for evaluation of expasriad data. The
study of the rare processes requires large event sampleden to develop the
analysis methods by considering the kinematics of the gpead the detector
response.

This chapter will cover the tools that were used for simolatand for data
analysis, as well as the calibration procedures for therakedetector compo-
nents, focusing on the Mini Drift Chamber. In addition theekaeconstruction in
both parts of the WASA setup will be discussed. The relevioispf the particle
identification are shown fgid —3Hen at 1GeV .

3.1 Software Tools

3.1.1 Event Generator Pluto++

An event generator is used to get correctly determined $éigrentz-vectors
for a given physics reaction. Pluto is an event generatdreiyntbased on the
ROOT software package and designed for hadronic intersctike 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 adew . Initially, the pack-
age had been designed for the physics program of the HADESH#@8vever, its
flexible user-interface can easily be changed to suit otkger@ments and various
models can be included, like the Vector Meson Dominance Mode

In the following the basics for the event generation of theage — ete ete
is described. For pseudoscalar meson Dalitz decays the depssidence of the
Dalitz-decay width is given by [15]:

dT*(m) 4oy 4m? 2m? m?
= 1——(1 (1 = —5)|[Fa(m?)? 3.1
MA=2vdm  3mm m?2 (1+ m?2 ) mi” a(m)] (3.1)

Formula 3.1 describes the mass sampling for virtual photwhsre indexA
refers to the parent meson (exg, m is the dilepton massy. is the electron mass
andm 4 is the meson mass. The last factor is the parent form factdhd first
approach fory meson this form factor was taken as one-pole approximation:

Fa(m?) = —— (3.2)
=%
whereA = 0.75 GeV is used according to Vector-Meson-Dominance-Model
calculations. Experimental measurements yield 0.72+0.09 GeV based on the
single Dalitz decay; — u* =, [29]. Both results from theory and experiment
indicate that the interaction between mesons and virtualqeis proceeds via an
intermediatep-meson.

Similarly, the double Dalitz decay of the meson can be generated. In this
work, the influence of the form factor was neglectéd(m?) = 1, because of
the poor statistics of the experimental data. As it was shiowfigure 1.4 the
form factor influences the region of high lepton pair masessle in the region
of low lepton pair masses the influence is small. The interfee between lep-
tons, discussed in 1.3 is not considered either. In this wbeksimulation of the

background channels was performed using the Pluto versgin 5

3.1.2 Detector Simulation Monte Carlo Package

The simulation of the WASA detector is done with a Monte Carakage,
based on the GEANT3 software [47]. The main purpose of thet®i@arlo soft-
ware package is the study of the detector response foreliff@hysical processes.
The simulation tool reproduces the properties of the erpemial setup as close
as possible to reality including the construction of theigethe material proper-
ties of the detector components together with the supgpntiiechanics and parti-
cle interaction with the detector material. Additionalegffs are implemented via
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Monte Carlo smearing filters, based on the experimentallysorea values. These
filters consider such processes like electronic noisds, figppagation or the drift
of electrons in gas volume. The magnetic field is included #see-dimensional
distribution coded in a field map.

The events provided by the event generator serve as an iopthd Monte
Carlo software. Each event is defined as a set of Lorentz \&atdrich corre-
spond to the particles from the physical reaction. The gadiinteract with the
detector material and the initial values of the parameteasige. The Monte Carlo
simulation covers the following important effects of peleiinteraction with de-
tector material: photon interaction with matter (Comptoatsring, generation of
ete™ pairs, photoelectric effect), Coulomb multiple scatteripgsitron annihila-
tion, hadronic interaction with secondaries, energy lgasnching effects.

The output of the Monte Carlo simulation contains the iniparameters of
the particles (as generated by Pluto) as well as the enempsis and time infor-
mation from all detector components. It allows us to studydktector response
and efficiencies. Apart from the external input (i.e Plutmgre is a possibility to
generate single track events inside the Monte Carlo paclagg#etailed studies
of the detector.

3.1.3 RootSorter Software Environment

The RootSorter framework is written in the C++ programmingylzaage and
based on ROOT [45]. It provides the necessary classes fdel@ldata analysis,
for monitoring during data taking as well as for high-levelypics analysis. The
entire package for the WASA-at-COSY detector is under dgrabnt since 2005.

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

The data can be classified into information units: hits, teltss(group of hits)
and the tracks. These units are stored in the appropriat@aioens (banks). A
hit is the response of an individual detector element (3ifoan single readout
channel). A cluster is a combination of hits from the samedet. Tracks of the
particles can be reconstructed by matching the clusters the different detec-
tors. In fact, a cluster from a single detector can also Heaaltrack, e.g. a neutral
cluster in the electromagnetic calorimeter or a chargestetun the drift chamber.
The whole procedure of data processing can be describetl@sgoafter decod-
ing of the information from the data stream RootSorter firl file raw hit banks.
Then the raw hits are calibrated and stored into into cakor&it banks. Dedi-
cated analysis moduleshe cluster-finders build the clusters from the calibrated
hits and fill the cluster banks. Afterwardbg track-findersuild tracks out of the
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clusters. In case of Monte Carlo simulations, the calibrasitage is replaced by
filters, which take into account gates and thresholds foe tamd energy as well
as additional smearing.

The standard analysis modules (decoding, calibratiork traconstruction)
and the raw analysis modules are the part of the softwareagacH he high level
analysis has to be developed by the individual user. The alzdysis was done
with the RootSorter version 3398 and ROOT version 5.24.

3.2 Calibration

A calibration of a detector is a transformation of measurgitided signals
back into physical variables. For the WASA detector theeedifferent calibra-
tions: time and energy.

3.2.1 Calibration of Straw Tube Detectors

Calibration method
The currently used calibration method for the straw tubedtets is based on the
integration method, described in [48]. This method deteasithe relatiorR(t)
between drift time and drift distance. It is based on theofeihg assumptions:

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

e the track distribution?” along the tube radius is uniforn? = const =
%, whereN,,; IS the total number of registered tracks,,,. is the tube radius
corresponding to the maximum drift distance.

The drift velocity can be calculated:

dr  dndr Rivpe dn
l)=—=——= — 3.3
Vi) dt  dtdn Ny dt’ (3:3)

The drift distance is expressed by integral of the equatiBro8er time:

Rtube /
—dt 3.4
Ntotal ( )

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

Calibration procedure
The mini drift chamber calibration is based on the drift timeasurement which
is later converted into drift distances. The calibratioraisvo-stage procedure.
The first step is thd} determinationi.e. the time alignment of all straw tubes
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relative to the main trigger signal. The second step is ahation of thetime-
to-distance relationi.e. a transformation of drift time into the distance iresid
the individual straw tube. As an input for calibration sexle time in units of
the TDC-channels delivered from the raw hit bank. The outpti® calibration
procedure are two tables: the first one containsltheonstant for each tube, the
second one contains the parameters for the calculatior alistance. The calibra-
tion procedure must be performed for stable operationalitions (high voltage,
thresholds on electronics, gas mixture) and repeated & eaany changes of
electronic modules or cables.

The time is measured relatively to the trigger signal whicymary event by
event, therefore, only events from one specific trigger alecsed. An ideal reac-
tion for the mini drift chamber calibration (and for the giascintillator barrel as
well) is inelastic proton-proton scattering: — dx+ at 600M eV . It provides one
charged particle in the central detectar § and one charged particle in the first
plane of the forward range hodoscop#. (The reaction can be tagged by using
the angular correlation of the two-body process. The remgibackground has
an almost flat shape which can be easily subtracted duringrttesto-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 forreabe and runs
from right to left (common stop mode). As a reference positar 7, = 0 on the
raw time spectra the wire position is selected (marked i, ietich defines the
individual time offset for a straw tube. These time offsetsa@etermined by fitting
of the raw spectra from each straw tube by a Fermi functioarghwy:

P
x— Py

l1+e m

flx) = Ps+ (3.5)

The greatest value at 20% of the maximum of time spectrumtemparameter
P; of the Fermi function are selected as individual time offéetorresponding
table is filled with the acquired time offsets.

Time-distance parametersAfter the determination of; and he time align-
ment the second step is the extraction of the time-distaa@peters, which con-
vert the drift time into the drift distance inside the tubesBd on the cylindrical
symmetry of the chamber the time-to-distance parametersaiculated individ-
ually for each layer. As discussed in section 2.3.1.1 onbeféatures of the used
gas mixture is its linearity - it provides a constant drifta@ty along the radius of
tube. Therefore, in the first approach, only one parameteseas to describe the
time-distance relation: the drift velocity.

There are two general steps to extract this parameter:astiotn of the back-
ground and integration of the time spectra. Fermi and redeFermi functions
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were used for fitting and defining lower and upper boundarg:wire and the
wall position. The limits of the drift region are marked iretfigure 3.3.

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

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

A new generation of the Mini Drift Chamber calibration prooesl was per-
formed in May 2009, as an extension of the existing one. liuohes the time-
distance relation individually for each tube and storescitvaplete shape of the
drift function. Furthermore, the time alignment of the tab® done relatively to
the time of the plastic scintillator barrel. These changekerthe calibration more
precise for drift distance determination.

3.3 Charged Track Reconstruction

The track reconstruction is one of the last stages in theyaisathain and the
very first step in the physics interpretation of the data. frhek of the particle
is reconstructed from the clusters of different detectohe detector clusters are
merged together by checking the geometrical overlap of leihents and their
timing. The allowed overlap regions and time windows arergefiin input files
and can be tuned in order to achieve optimal conditions. Th&ter and track
finding procedures differ depending on the detector gegnaetd type.

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

Charged tracks in the forward detector must contain at leesttuster in any
of the forward scintillators. The neutral tracks in the fardl detector are defined
as not containing clusters in the thin forward scintillatdout a cluster in the
forward range hodoscope planes. In the context of this wahk 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 matcthegclusters
provided by each component: mini drift chamber, plastiotdétor barrel and
calorimeter. Each of the component is a different type ofdbtector 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 onleeodlifficult tasks
in experiments. The track reconstruction in the MDC is dadanto two steps: the
pattern reconstruction and the full fitting. The patterrorestruction works with
hit patterns and provides first particle trajectories. Traek parameters found by
it serve as an input for the full fitting. The full fitting is eded to refine the
track-helices provided by the pattern reconstruction.

Currently, three pattern reconstruction algorithms ardabie: Dubna-algorithm
(historical title), Spanning Tre@andSimple The Dubna-algorithm routine can be
implemented for any tracking device with a cylindrical gesirg. The full fitting
is more specific for the detector and was adapted for the WA Aps

The Pattern Recognition

The pattern recognition performs the recognition of hitgrais by fitting he-
lices. The algorithm assumes a homogeneous magnetic fetteithe mini drift
chamber parallel to th& —axis and describes the particle tracks as regular helices
with an axis also parallel to th&—axis, see figure 3.5. The helix is described by
Six parameters:

Ry - the distance in XY-plane from the helix axis to the origin,

®d, - the azimuthal angle of the helix axis in XY-plane,

R - the radius of the helix,

@ - the charge of the particle, determined from the directibcuovature,

6 - dip angle giving the inclination of the tangent with resfge¢he XY —projection,

2o - the z-coordinate of the closest approach of the helix tatiggn.

The parameters are illustrated in figure/3.6. The algorithsntifie helices to
the hit patterns by applying multi-model regression meghédrst, the tracks are
treated as projections onto the XY-plane, where the drfftagices are used for
minimization of the weighted sum of the distances to theereniteach circle. At
this step the information only from the axial layers is used.

After the circle is identified the following parameters asell: ®(, R, R and
Q. The helix 3-D ambiguity will be solved after using tle-information from
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Figure 3.5The trajectory of the charged particle reconstructed by the patternmiticog
as a regular helix with axis parallel to the Z-axis of the WASA coordinate systaken

from[31].

R,

)«a,

Figure 3.6 Depiction of the helix parameters. Lefty, R and®, parameters of the circle
in the XY-plane, the direction of the circle is defined by the chagg®ight: 3-D picture
of the zo and# parameters. Taken from[31].
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stereo layers. The coordinates of the closest point of #uk twith respect to the
inclined tube axis can be found. The same multi-model regvasnethods, as in
the XY-plane, are used in order to find the last two parametgi@ndd.

Thus, the half-helix is described by the following equasion

R R:+ R* —r?
z2=2zy+ tan(d) arccos(w) (3.6)
R2 — R? 42

¢ = ¢o + Q arccos( ) (3.7)

0
2R07‘

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

The Full Fitting

The tracks found by the pattern recognition are recongtdieith limited pre-
cision due to the several model assumptions (uniformithefrhagnetic field, the
track was approximated by a helix). The helix parameters$edunrther improved
by including important physical effects: the nonuniforynitf the magnetic field,
energy loss and multiple Coulomb scattering. This is doneheyfall fitting. It
does not only provide track parameters but also their camag matrix.

By applying a Kalman filter [52] the tracks can be traced baokifthe outer
layers to the beam axis to search for vertices. The Kalmaan filiethod provides
a successive and efficient way to estimate the state vec@mpobcess by mini-
mizing the mean of the squared error. The filter uses the memsumts containing
noise (random variations) and other inaccuracies. The stas in the Kalman
filter algorithm are: prediction, correction and smoothiimgcase of the full fitting
program, the state vector is defined by 3.8, which is updagetidfilter.

T = {%7)\7¢7 do,Zo} (38)

where% is a signed curvature, is the dip angleg is the azimuthal anglei,
is the shortest distance teaxis andz, is thez-coordinate at that point.

Following the track points, the parameters of the trajgctoe progressively
improved by adding new information at each measurement.pdimore detailed
description of the Kalman filtering method can be found in] [f&4].
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Figure 3.7:Monte Carlo studies based on single electron events: the differencedretwe
the reconstructed momentum and the true momentum plotted versus the scattgiéng a
Left: Pattern Recognition, righEull Fitting. The effects at the low and high angles are due
to the nonuniformity of the magnetic field which are corrected by using the Rtitigr

Performance of the Track Finding Routines

After processing the tracks in the full fitting procedure piagticle trajectories
are no longer the regular helices but curling helices. Tmarmpaters of the trajec-
tories are changed which leads to a different momentum stagstion by pattern
recognition and full fitting. Qualitatively, the effect if@wn in figure 3.7, where
simulated single electron events were studied. The elestr@re simulated in the
energy range of (20,500)/ ¢V and the scattering angle range of {200). As
it can be seen on the left panel, where the reconstructed mtomes provided
by the pattern recognition, there is a systematic shiftasttle regions where the
magnetic field is most nonuniform, while in the right panehere the momentum
was reconstructed by the full fitting, the shift is gone.

As any fitting routine the full fitting must have certain opgya parameters,
they are the spatial resolution and the mass of the partitlthe frame of this
work the mass of an electron was used as the mass parameteamalgsis steps.
The effects of using different spatial resolutions on themmanta resolution are
shown in figure 3.8. In the left panel the momentum resoluéisra function of
particle momentum is shown. In the right panel the momentesolution as a
function of scattering angle is shown. As it can be seen, dlsmspatial res-
olution provides the higher momentum resolution. The comtehavior of the
momentum resolution for small and large scattering angldsé to the geometry:
the lower number of the layers participating in the traclorestruction at low and
high scattering angles, resulting into a smaller number efsnring 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 paiéle influence of
the different spatial resolution on the momentum resolution for single eleetams: the
black line represents the Pattern Recognition results, the colored cuevbe &ull Fitting
results with different hypothetical spatial resolution. a) the relative momenrgsolution

as a function of momentum b) the momentum resolution as a function of scattagheg a

thus, into a worse resolution.

The real spatial resolution can be obtained from the besteagent of simu-
lated and experimental data analyzed with different spaggolutions. By study-
ing the residual distributions defined as the differencevbeth measured drift
distance and the true distance of the fitted track to the witkeostraw tube, the
optimal spatial resolution was found as 32% in [41].

The comparison of different pattern recognition algorighsishown in figure
3.9. The studies are based on single tracks of electronspatbern recognition
Simple is based on the information from axial layers of th& dhamber, while
others use the full 3-D information, and, therefore, theguatrecognition Simple
can not be compared with the Dubna and Spanning Tree algwitihhe Span-
ning Tree can be used both for straight (without magnetid)i@hd curved (with
magnetic field) tracks. It uséme andcircle models. The efficiencies of both al-
gorithms turn out to be similar: the Dubna-algorithm hastesystically 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 shemtum and scat-
tering angle is shown in figure 3.10. The regions of lower &fficy are visible for
low and high scattering angles. The effect is explained dyeced number of the
layers contributing to the tracks with such scattering esglhe same as for the
momentum resolution, see figlire 3.8.
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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 loysingle hit or
by two hits from neighboring elements if the hits satisfytagr criteria: a mini-
mum deposited energi F,,.;,, = 0.5MeV and a time difference between them
AT,... < 10 ns. The for single hit is assigned to a cluster if the energy dép®
above the minimum deposited energy. The average time ofthedntributing to
the PSB cluster defines its time information. The depositexigy of the cluster
is taken from the hit with the highest energy deposit.

The angular information delivered by the PSB cluster isaiafial: the az-
imuthal angle is calculated as the average among the fireteals 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 preslan electro-
magnetic shower which is spreading over a group of neighgocrystals. The
crystals belonging to the same electromagnetic shower éochaster. The cluster
finding routine is intended to identify these crystals argigasthem to one cluster.

The hit with the highest deposited energy is chosen as thercehthe clus-
ter. The neighboring crystals checked for associated hetadded if they satisfy
timing and energy criteria. The time difference betweerctémral and associated
hits has to be less than 5@ and the energy deposit has to be greater thae? .

In addition there is the requirement for a formed clusteraweha total deposited
energy of at least 10/¢V. The energy of a cluster is taken as the sum of the
contributing hits, the time of a cluster corresponds to iime tof the hit with the
highest deposited energy. The position of the cluster isxddfby the weighted
sum of the positions of the individual crystals3.9:

=
pEEp (3.9)
D Wi
where the weights are based on the energy deposits in thrlsrys
= MAX{0, W, +1 b } (3.10)
w; = , VVo nzl EZ .

Thus, the reconstructed clusters provide a complete irdbam 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 geometricalapvef clus-
ters from different components and time coincidence of thsters from Plastic
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Cluster combinatior] Type | Matching information
MDC, PSB, SEC || charged A¢,Ops, AQ, AT

MDC, PSB charged A, Ops

MDC, SEC charged AQ

PSB, SEC charged Aopsp_spc, AT
MDC charged
PSB charged| no momentum information
SEC neutral

Table 3.1:Tracks in the Central Detector

Scintillator Barrel and Electromagnetic Calorimeter. A et track consists at
least of two clusters from different CD components and a aétreick is defined

as a solitary cluster from the Electromagnetic Caloriméibere are four possi-
ble combinations of the CD clusters forming the tracks andehtombinations
for solitary clusters, summarized in the table 3.1. The fhiste types of tracks
are considered in this work as charged tracks and the néxgchl is defined as a
solitary cluster in Electromagnetic Calorimeter.

The CD track finder operates on the cluster banks from the CDesebitrs.
The matching scheme between the clusters is depicted irgilmef8.11: the clus-
ter parameters used for matching are shown. The first stepeopttocedure is
to check cluster combinations of the Mini Drift Chamber and Biastic Scin-
tillator Barrel. The condition of their matching is based be tifference of the
azimuthal angleg\¢,,pc_psp from cluster of the Plastic Barrebsz) and the
exit coordinate of the cluster of the drift chamber.(;,;pc). The distribution of
the difference is shown in the figure 3.12%,;pc_psp should be smaller than
10°. The condition for polar angles is limited by the Plasticritiator geometry:
it is checked that the exit coordinate of the MDC track is witthe polar angular
range of the PSB element.

Afterwards the MDC and PSB clusters are combined with thertakter
clusters. For this purpose the direction of the track in th& dhamber cluster
is extrapolated to the calorimeter by a straight line. Thenipg angle between
the extrapolated position of drift chamber cluster and tilerameter cluster itself,
labeled in the figure 3.11 43, 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 théocimeter clusters is
based on a twofold comparison: the difference of the azialathgles and the time
difference of the clusters. Figure 3114 shows both distidins where a maximum
difference of azimuthal angles is 2@nd a maximum difference in time was taken
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MDC
Cluster Bank

A@, AO (@)

PS SEC
Cluster Bank A, AT Cluster Bank
CD
Track Bank

Figure 3.11Matching scheme between the cluster banks during track reconstruction in
the Central Detector.
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between the azimuthal angles of the exit. :
. . ion of the opening angle between the
coordinate of the drift chamber cluster and .
extrapolated drift chamber cluster and

the azimuthal angle of the Plastic SCInt”_the calorimeter cluster. The condition for

lator cluster. The red dotted verticals rep- N . o
. . merging is shown by red verticdl < 10°.
resent the maximum allowed difference of

10°.

as 35ns. All distributions are based on data from the beamtime int&aper-
October, 2008 fopd — 3Hen reaction at 1GeV'.

Thus, in the first step of the track reconstruction all driiamber clusters
have been merged with the clusters of the Plastic Scirtil@hd/or the calorime-
ter, or were identified as solitary tracks. In the second stegemaining Plastic
Scintillator clusters are checked with the calorimetests. Neutral tracks are
identified as remaining calorimeter clusters.

The conditions for track assignment have to be checked fon baamtime
period individually, since the calibrations may changedbtector response.

3.3.2 Forward Detector

The track reconstruction in the Forward Detector is basadatching of clus-
ters from hits in neighboring elements of each subdeteatar! The clusters are
found by time coincidence and position of the hits. The ayeraf the time and
angular information from the hits define the cluster. Thergyef the cluster is
the sum of the energies from the hits contributing to it. &rigt is assigned to
cluster if it has energy deposit above threshold.

The basis for the charged track reconstruction is the Falwaigger Ho-
doscope due to its special geometry resulting in a pixelcsire, see Section
2.3.2.3. The FTH elements are checked for a geometricalapver 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 differeigte)(

three layers. The overlapping elements are combined ixlwhich define a
track. Such tracks contain a rough angular informationjmagsg the interaction
point as one belonging to the track. At this stage the angfarmation from the
Trigger Hodoscope can be refined by involving the Forwarg®&mmonal Cham-
ber. Due to the high granularity of the wire chamber the aag@solution can be
improved.

Subsequently, the track finding routine searches in the ®inGounter, the
Range Hodoscope and the Veto Hodoscope layers for clusteeseTclusters are
checked for an azimuthal overlap, a small time differencg amminimum de-
posited energy.

3.4 Particle Identification

The particle identification in WASA is based &v/s — F or AE — P tech-
niques, governed by the Beth-Bloch formula [55]. Thé& — £ method implies
the correlation of the deposited energy and full (kinetiogrgy of charged par-
ticles by different scintillator detectors. TheE(E) — P method is used when
measuring charged patrticles in a magnetic field: the degubsit full energy of
the particle measured by a scintillator detector or a caleter 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 momentand energy
deposit in the plastic scintillator or calorimeter. The damation of all three com-
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Figure 3.15:Monte Carlo simulation of) — 77~ e*e™ decay in the reactiopd —
3Hen at 1 GeV. Identification of electrons and pions in the Central Detector. ©¥-tixis
of the left panel is energy deposited in the Plastic Scintillator(central partheY-axis
of the right panel is the energy deposited in the calorimeter, on the X-akistbfpanels
is the momentum ii7eV/c units multiplied by charge of particle.

ponents provide three possible correlation plots for pleridentification:

e energy deposit in the plastic scintillator correlated vt momentum from
the drift chamberAE — P method

e energy deposits in the calorimeter correlated with the nmdoma from the
drift chamber,E — P method

e energy deposit in the Plastic Scintillator correlated wiith energy deposit
in the calorimeterAE — E method

The first two identification methods allow us to distinguisghiveeen electrons
and pions and their charge state. The simulated decay dhanrenr ™7 ete™
was used for demonstration. As it can be seen from the leftlpafrfigure 3.15,
the bands of leptons and pions start to overlap at momenga(@:Y/c. At this
momentum region the second method can be used, involvingeeposit in
the calorimeter (the right panel of the figure 3.15). Charggddns deposit their
total energy in the calorimeter resulting in a linear catiein of momentum and
deposited energy. The pions as hadrons do not produceastegnetic showers
like electrons and positrons and deposit only part of the@rgy (the lower bands
in the right panel of the figure 3.15).

In case of experimental data such plots are less illuseas/pions are domi-
nating. In the figure 3.16 the same plots as in the figure 3.45lown based on
the experimental data: exactly two positively and two niegat charged tracks
were selected and their energy deposits in the Plasticilbatiot 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 calariraetas
momentum on the right panel. The dotted lines on the right panel represehhdiar
correlation between energy and momentum, which is a characteristic of aeeeno

positrons. There are hardly visible structures following the lines cooratipg to elec-
trons and positrons bands.

were plotted versus their momentum from the drift chambke pion bands are
significantly pronounced and overshadow the bands of elestand positrons.
Analogical plots are shown in figure 3/18 under more striciemnditions: the
invariant mass of both hypothetical lepton pairs (a pairratks with opposite
charge) were required to be smaller than Gdl//c? - this condition rejects the
pion contribution significantly, as it will be discussedlietsection 4.6. The lepton
bands become more pronounced although with poor statiBtarticle identifica-
tion plots for single Dalitz of) are shown in the figur@? under the final cuts for
the decay products: the invariant mass of lepton pair islsmidan0.1 GeV/c?,
the missing mass of the decay products in the intex\al- 2.9 GeV/c? and the
missing mass ofHe is in the interval).535 — 0.560 GeV/c?.

The third identification method does not involve the MinifD&hamber and
is, therefore, momentum independent. This method is @feeédr separation of
particles which deposit far different energy in the plastimtillator and calorime-
ter in order to provide as much as possible distanced patiahds.

3.4.2 Charged Particles in the Forward Detector

The particle identification in the Forward Detector is basadhe AE — FE
technique. A variety of scintillator counters in differeggometries and lengths
measure the deposited energy as well as the full energy t€learwith differ-
ent masses from pions téie-ions. Particle determination is done by comparing
the total deposited energy in the Forward Range Hodoscopeslay the partial
energy depositions in the thin scintillators of the Forwetector.

In the figure 3.19 some identification plots are shown for gectiongp —
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Figure 3.19Experimental distributions: particle identification in the — ppn reaction

at 1.4GeV (left) and in thepd — 2Hen reaction at 1GeV/ (right). On the left panel the
correlation between the energy deposited in the first layer of the Rangesklope on the
Y-axis and total energy deposited in all five layers of the Range Hogessshown. On
the right panel other correlation involving sum of energies in the firstlafthe Trigger

Hodoscope and both layers of the Window Counter versus energyitieghan the first

layer of the Range Hodoscope is shown.

ppn atl.4 GeV andpd — 3Hen at1 GeV. Well distinguished bands of particles
are visible, which can be separated by simple graphical(sht®svn by red con-
tour), or by more sophisticated methods. The descendingjibaide the graphical
cut (left panel of the figure) corresponds to the protonsgstapin the first layer
of the Range Hodoscope, ascending band is due to the protoesgting through
the layer. The right panel shows an other correlation usirgegtcomponents of the
Forward Detectorr, p, d and®He bands are visible. In both panels of the figure
3.19 the pions are minimum ionizing and only visible at lovery deposits.



58

CHAPTER 3. DATA ANALYSIS



Chapter 4

Analysis of then Double Dalitz
Decay

This chapter gives an overview of the analyzed data, desctifbe analysis
steps for the tagging of the — c¢tee'e™ decay in data. The features of the
tagging reaction are discussed. The analysis of the narat@in channe; —
ete v is presented as a main background channel forthe e e ete™ decay.
Finally data and simulation are compared.

4.1 Tagging Reaction

In order to study a decay channel of theneson, especially a rare decay, one
should think about its production and define the reactionthedheam parameters
for the experiment. In the combination WASA and COSY two magtimds are
used to produce mesons:

e the reactiorpp — ppn at a proton beam energy 6f= 1.4 GeV, where the
n meson production cross sectiorvis 9.8+ 1.0 b [56],

e the reactiorpd — 3Hen at a proton beam energy @f = 1.0 GeV, where
then meson production cross sectiorvis 0.412+ 0.016ub [57].

These methods have different advantages and complemdnbésasr in the
studies of different) decay channels.

The reactiorpd — *Hen has a lower cross section fgrmeson production
than the reactiopp — ppn, 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 aarglesas a
very selective trigger fo mesons in the reactiomd — 3Hen. A typical

59
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Figure 4.1:Unbiased distribution of the missing madse from experimental data. The
blue curve represents a combined function of a Gaussian and a polyrusrttiaitl order.
The values of the parameters of the Gaussian fit are shown: the paratheteresponds
to the missing mass resolution®f~ 3 M eV . Events with exactly ongHe track were se-
lected satisfying the conditions on energy deposits in the first layer ofé&lldndoscope,
both layers of Window Counter and the first layer of Trigger Hodoscope

distribution of the missing mass éHe after tagging théHe ions by the
AFE — FE technique resulting in a clear peakramass with a width of- 3
MeV is shown in figure 4.1 for unpreselected data.

¢ significantly lower background: the cross section of twaygooduction in
pd interactions is at least 20 times lower tharppinteractions. According
to figure 4.1 the ratio of the signal to background is 1:1.

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

Summarizing the advantages of the reactidn— *Hen, one can conclude
that a clear signal of the mesons in experimental data allows to focus on the
analysis of the specific decay and control the signal of ghdecay on different
stages of analysis chain in the Central Detector. This carohe 8y monitoring
the 3He missing mass distribution for each introduced conditonthe decay
system. Thus, the reactignl — ®He is a very revealing tool especially for rare
7 decays. The developed methods for tagging of raglecays in the central part
of WASA can later be used in the analysis of the reactipn— ppn with minor
modifications.

Among the disadvantages is that the data on the cross sedfignompt pion
production that are not available from this reaction at anbeaergyl’ = 1 GeV'.
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Beam energy 1GeV

Beam momentum 1.7GeV /e

Pellet rate 7-10kHz

Cycle duration 100s

Data recording within cycle ~90 s

Particles on flat top 5x10°

Main trigger fwHealfwHeblfHedwrl
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 siméagies forpd —3
Hertn—7" andpd —3 Her'7%7% see [60], forpd —* Hertn~ andpd —3
Her'7Y in [61]. The method of subtracting the contributions fronompt pion
production will be discussed in subsection 4.6.2.

4.2 Run Information

The data presented in this work were taken during a beamtifoeioweeks in
October, 2008, using the reactipi — *Hen, where a proton beam with a kinetic
energy Oflheam = 1 GeV (Pyeam = 1.7 GeV/c) interacted with deuterium pellet
target. The important characteristics of the beamtimew@aresarized in table 4.1.

The cycle starts with beam injection: protons are acceddrat cyclotron to
the injection energy and then they are injected into the COBY, where they
are accelerated to the energylof-eV'. During the cycle the beam is stored and
interacts with the pellet target. The duration of the cysldefined by beam losses
due to beam-target interactions. In this beamtime it wagosEd0s. During such
a period the beam current is dropping down typically by adiaof 2 and at the
end of the cycle the remaining beam is dumped.

At beam injection and dumping the beam can interact with te&nb pipe
and other passive material close to WASA producing high tngmates, which
are dangerous for the detectors. Due to that the voltagé=afire chambers are
reduced during the beam injection and dumping. The higlageltnodules receive
the signal for ramping up after beam injectiort at 3.4 s and the detectors reach
the operational values after a few seconds. Next, at7 s, the vacuum shutters
open for the target system and the data acquisition systens stata recording.
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Figure 4.2:A typical beam cycle with rates: on thé—axis the counting rate for different
observables is shown, on thé—axis is the time in the cycle. The beam current (black
curve) is provided by a beam current transformer (BCT) in arbitrarg@and scaled up by
factor of 3. The pellet rate is given per second (grey curve). Ties i&f triggers accepted
by DAQ (Trigger accepted, in blue) and all input triggers (TriggerINgid) are scaled up
by factor of~ 10 here.

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

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

4.3 Experiment Trigger

Identification of*He-ions on the trigger level is defined as trigger number 10
and used as main trigger. The trigger was organized in th@xfimlg way to select
events with at least one track satisfying the followingeid:

e the track must have a high energy deposit in both layers ofAflrelow
Counter, labeled a@svHealandfwHeblrespectively,

e the track is found by the Track Matching procedure [58], lab@sfthdwrl,
where "1" means at least one found track.

The Track Matching procedure is intended to increase thectety of the
trigger by checking the elements of the Window Counter, Teiggodoscope and
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Figure 4.3Signal of the; in data. Left panelidentification of’He ions in raw data by the
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bands. The red contour represents the graphical cut for selectngsewith tracks inside

the marked region. Right panehissing mass ofHe based on the preselected sample:
the blue line represents the polynomial fit of the background and greahdilés is the
signal distribution after background subtraction.

Range Hodoscope for overlap in azimuthal angle These conditions only ef-
fect the Forward Detector and lead to an unbiased samplesaf tiiesons in the
Central Detector.

4.4 Preselection and Calibration Sets

The data files provided by DAQ (raw data) were preselectechbyQDIN
analysis/[59]. The preselection was based on the onlinbradibn and aimed to
select events with at least one track potentially assatiatth a*He track. The
3He identification was based on the) — E technique, which is shown in the left
panel of the figure 4/3: the sum of energy deposits in bothréagkthe Window
Counter and the first layer of the Trigger Hodoscope versugygrikeposit in the
first layer of the Range Hodoscope. The well enhanittelband was selected by
a graphical cut, shown as a red contour. Thus, the presdlsataple contains all
possiblepd — 3HeX events. These preselected data were analyzed in this work.
A qualitative comparison between raw and preselected dashawn in figures
4.4 and 4.5, where the left side plots are based on raw dat¢harulots to the
right are for data after théHe preselection. As it can be seen from the figure 4.4
the *He band becomes more pronounced after the preselectiorsarhe effect
is shown in the figure 415, the signature of the two body reacg&xpressed in a
“rising moon shape", becomes more enhanced.

The selected sample contains events from prompt pion ptiotualong 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 n-signal. The vector of the missing partické can be reconstructed, since
beam and target parameters are known andteetrack is reconstructed by the
Forward Detector, therefot® = P+ D —3He. The mass of{ (the missing mass
of ®He) can be calculated by:

MM(SHe) = \/(Ebeam +mq — Es,,.)% — (Dbeam — P31, )> 4.1)

The missing mass provided by equation|/4.1 is shown in the pghel of
figure 4.3 for the whole data sample aftete preselection. The signal obtained
after background subtraction counts roughly 10.7 millies (calculated with the
Forward Detector).

The missing mass distribution with its pronounced peakm@ass will be used
for monitoring they content in the experimental data and simulations at diftere
stages of the analysis chain and finally will serve as a took&dculating the
n — eTe ete” admixture in the data sample.

The calibration sets used for the analysis are describeabla #.2. The com-
ponents of the setup used for the analysis were calibratetiforun 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: th&section or
branching ratio of the potential background channel andifpdeatures of this
channel (humber and type of particles in the final state,dpelobgy of the parti-
cles in space, the life time of the decay products etc.).

The cross section of the background channel correspontis farobability in
which degree it contributes to the final signal. The specdatires of the back-
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Figure 4.5The signature of two body reactipid — 3HeX : the scattering angle

of the potentiaPHe track on theX —axis and the energy deposited in the first
layer of the Range Hodoscope on ffie-axis. The same run (10876) was used.
Left panel represents the raw data, riglinel is based on the preselected data
after>He selection. The "rising moon" shape becomes more enhanced, indicating
thepd — 2Hen reaction.
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ground channel reveal its behavior under cuts and definedteptance for the
background channel. The probability for background chbtmeontribute to the
final sample of event candidates is defined first of all by tineestinal state as sig-
nal events. This includes particle misidentification, gimotonversion and event
overlap. Then, the distributions of observables for baskgd channel can be
completely different to the signal. For example, identfoadl states (four charged
tracks) of the background channel and the signal channeksait in different re-
gions (invariant mass of pions calculated with a mass otreleavill be shifted),
that can be used for background subtraction. Thereforgtadnoss section of the
background channel does not necessary mean a major caiatnibu

The analysis method (e.g. events selection, used cuts)yjisersealing for the
background consideration. The channels with muons weredftaihave a negligi-
ble contribution to the final state of the decay of intereke Thanneh — pt
was studied, where the photon can convert intd@ pair. This contribution was
found very low: only 24 events out of one million of simulatearvived the final
cuts. This can be explained by high penetration ability obnsuwithout interact-
ing with detector material.

There can be artificial background sources due to the pliepeot the setup
and data taking. One of them is possible event overlap dalabg taking: by this
effect the particles from random coincidences can be joinedthe same event
and thus fake the final state identical to the signal. It beeoomavoidable effect
while comparing experimental data and Monte Carlo simufatio the last case
such phenomena do not exist at all. In order to study thetedfezvent overlap on
the branching ratio the events with more or equal than f@oks were considered.

4.5.2 Simulation Channels

The current experimental upper limit for the branchingrafithen — e*e ete™
decay is 6.%10°° [19], the predicted branching ratio from Quantum Electrody
namics gives 2.6107° [21]. The very low branching ratio of the signal channel
implies that the possible background channels have to bigestgarefully. In this
work the channels with branching ratios larger than the exptal upper limit
for the branching ratio of the decay— e"e e™e~ were considered. The signal
channel was simulated for the QED case as it was discussed.ih Jable 4.3
presents the simulated background channels.

The background for the decay— e"e~ete™ can be divided into two sources.
The first source is caused hydecays which can contribute to the same final state
asn — ete ete”. Among them the channels with photons are significant since
the probability of photon conversion in the 1.2 mm thick by tube wall is
3x1073, which results in values comparable with the branchingraftable 4.4
contains the first estimate of the background admixture ttwrdecays with pho-



4.5. SIGNAL AND BACKGROUND SIMULATION

Channel BR Number of events
n—eteete: 6.9x107° (u.l.) 100 x 103
n— Yy 3.93x10 ! 50 x 10°
n— ntan0 2.27x10°! 30 x 10°
n— wtry 4.60x102 7 x 10°
n — o070 3.26x10°! 50 x 106
n— atr ete” 2.68x10°! 1 x 10°
n—ete 7.0x10°3 1 x 106
pd — *Hertn~x" | unknown 50 x 10°
pd — Hentm™ unknown 50 x 109
pd — 3Her 7" unknown 50 x 10°
pd — 3Hen%7%7° | unknown 50 x 10°

Table 4.3:Simulated Monte Carlo channels for the— eTe ete™ andn — ete vy
studies. The decay — 77~ eTe~ was considered only for studiespf— eTe ete™.

The last column contains the number of simulated events. The branching oatio f
n — wrr eTe  is taken from the Particle Data Booklet, 2010. The cross sections of
the prompt pion production channels were taken as parameters for thesfinsates, for
calculating the branching ratio they were fitted and subtracted.

tons. As it can be seen, the single Dalitz decay is the mosif&ignt contributor
despite that) — ~~ has a higher branching ratio.

Besides the background causedipgecays there are also background events
due to prompt pion production. These channels are listelddrawer part of the
table 4.3. The cross sections of these reactions are unkfoowis beam energy,
but they were measured at similar energie@id — *Hertn~7°) = 1.4ub and
o(pd — *Her"7%7%) = 0.18ub for a proton beam energy @, = 1.36GeV [60],
o(pd — 3Her"7%) = 2.8ub ando(pd — 3Hen™7~) = 4.6ub at a beam energy
of T,, = 0.893GeV [61]. This source of background can be effectively sub&dct
by using the*He missing mass, where the prompt pion channels fill a contisu

| Decay channel]| BR; | Py | BR x P, | Admixture,% |
n—eteete || 6.9x107° | 1 6.9x107° 100
R 3.9x10 ' | 9x10° | 3.5x10°° 5.1
n—etey 6.8x1072 | 3x10°3 | 2.0x10°° 29.0

Table 4.4:Preliminary estimates of background admixture for sopecay channels.
The first column contains the decay channel, the second column the ingunatio BR;,
the third column is the probability?,. to have two lepton pairs in final state, the fourth
column is the total probability of the appearance of four leptons in the fini atal the
last column shows ratio the background channel@nd eTe ete™.




68 CHAPTER 4. ANALYSIS OF THE) DOUBLE DALITZ DECAY

region while the; decays result in a narrow peak sitting on top of the prompt pio
events, see figure 4.3, for example.

4.6 Analysis Chain

4.6.1 Track Selection

The tagging of the)-decays in the reactiond — *Hey starts with the track
selection in the final state: there arée track and decay products to be detected.
In this section the analysis of twpdecays are discussed: in addition to the decay
n — eTe ete, the study of the single Dalitz decgy— c¢*e™ is presented.

3He selection in the Forward Detector starts with checkimgsttattering angle
of the tracks: it has to be inside the detector acceptandeinange 3-18°. Fur-
ther cuts reproduce the trigger conditions, see 4.3. Hatéhte candidates must
have energy deposits in both layers of the Window Countefitsiglayer of the
Trigger Hodoscope and in the first layer of the Range HodosddgiegAFE — E
techniques allows to distinguistie band from other particles, see figure 4.6. If
there is exactly one track in the event with energy depobits@the red line then
it is taken as &He track. The procedure éHe identification is common for any
n decay channel, see the advantages opthesaction in section 4/1.

The decay products are identified in the Central Detector.mbmmentum in-
formation from the Mini Drift Chamber is needed for the idén#tion of the
lepton pair and, therefore, the presence of this detectihreidirst condition for
charged track reconstruction in the Central Detector. TaAosprding to the cur-
rent method of the track finder in the Central Detector, (s8el3t) the tracks
with information from the following detector componentg aonsidered:

e MDC-PS
¢ MDC-SE

e MDC-PS-SE

In the next step the time of each charged track in the Centriglde is corre-
lated with the time of &He track. In figure 4.7 the time difference between each
charged track in the Central Detector antHe track is shown. The red lines rep-
resent the cut region. The last condition for track seledtiche Central Detector
is a preliminary vertex cut: the distance from the track te Wertex point was
used. The distribution is shown in the figure 4.8, the gauskiagjivesc = 2.5
mm. A generous cut in the interval (-10;10)m was applied that corresponds to
a fouro-s interval. This cut is supposed to reject events not oaigiig from the
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Figure 4.6:3 He identification in data with the Forward DetectoY:—axis -deposited
energy in the first layer of Range Hodoscope;axis - sum of the deposited energy in
both layers of the Window Counter and the first layer of the Trigger Hoales. The
tracks with energy deposits above the red line are associatedmétirack.

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

Neutral track selection is needed fpr— e*e~ v studies. Their reconstruction
is provided by the calorimeter. According to the currentkrinding algorithm a
neutral track is defined as a solitary calorimeter clustdd@vand PS information
is used as veto. The selection of neutral tracks starts withecondition similar
to the charged track selection: the time of each neutraktimcorrelated with
the time of3He. The distribution is shown in figure 4.9. Another condition
the neutral track is the energy threshold for the supprassisplitoff-s Energy
of photons from single Dalitz of the is shown in the figure 4.10. The cut was
applied to consider photons with energiedbf 0.1 GeV'.

4.6.2 Normalization Channelp — eTe v

A normalization channel is obligatory needed in order tagkate a branching
ratio. In the formula for the branching ratio of the degay- ete~ete™ the total
number of then mesons produced in the experiméf is included. As it was
pointed out earlier in section 4.1, the tagging®efe ions in Forward Detector
does not introduce any bias gndecay system and the number of thenesons
derived from the missing mass tfle after*He identification does not include the
reconstruction efficiency in the Central Detector. In orderdnsider the response
of the Central Detector for the decay products (e.g. efficiency of the lepton pair
reconstruction) one should derive the number ofitheesonsV,, from the another
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Figure 4.7:Experimental data: the time Figure 4.8:Experimental data: the dis-
difference between each charged track in tance from the MDC-cluster to the vertex
the Central Detector antHe track. The  in XY-plane after applying the time cut.
cut was applied in the range [-10, 15] ns.
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Figure 4.9:Experimental data: the timeFigure 4.10Monte Carlo simulation of the

difference between each neutral track isingle Dalitz decay of the): energy of the

the Central Detector antHe track. The neutral tracks in laboratory frame, the events

red lines represent the cut region the range the right from the red line were accepted

[-25, 25] ns. 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 4.11The opening angle between real and virtual photons in the center mass of th
entire system oY’ —axis and the invariant mass 9f— e*te~v on X —axis inGeV/c?.

Left: the Monte Carlo simulation of the decgy— e™e™+, right data under the same
conditions. The events between red lines are accepted, that comiespahe cut on the
opening angle in the rangé1(0° — 175°).

n decay. The single Dalitz decay was chosen as the normalizaekiannel. This
choice is caused by three reasons:

e it is the main background channel fgr — ete~ete™ and therefore the
study of this channel is necessary for a better understgrafithe signal
channel

¢ the detector response for the lepton pair reconstructiofbeahecked with
this decay: the reconstruction of lepton pairs, as well agghconversion
in the detector material

e the analysis methods for both decays— ete ete™ andn — eTe v are
similar, but the decay — e*e+ is statistically more abundant.

Event selection for the decay; — ete vy

The event selection for the decay — e"e v starts with the selection of
exactly one positively and exactly one negatively chargadktin the Central
Detector. The total four-vector of these two tracks is assigto the four-vector
of the lepton pair or virtual photon*. Afterwards, the neutral track selection
procedure the opening angle betweeny and~* in the n rest frame has to be
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Figure 4.12:The correlation of the opening angle of the lepton pair on Xheaxis
and the invariant mass on thé—axis. Left Monte Carlo simulation, rightdata. Both
correlation plots are after track selection for the degay e*e~+. The arrows represent
the cut region: events below with\, .- < 0.1 GeV/c?, and with€,+,.- < 40°, are
accepted for further analysis.

180° sincen — ~~* is a two body process. In case of several neutral tracks the
photon with(2 closest to180° is selected. The next condition comes from the
topology of they — ~* 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, @asahhanced at a
low invariant mass/ M..+.-, and a low opening angle of a lepton pély,:.-. This
can be seen in the left panel of figure 4.12, where the coioelaf the opening
angle and invariant mass of lepton pair for the Monte Carlaiation is shown.
The blue lines represent the cut region. In the right paretitita under the same
conditions as in the left panel are presented. Two enhanusnagee visible: the
region close to the origin is due to the signaljof> ¢*e~~ and the decay — .
The enhancement at higher angles and masses corresporel dbathnels with
pions misidentified as electrons.

The cut on the invariant mass of the lepton pair suppressesisidentified
pions. The comparison of the Monte Carlo simulation and tha dashown in
figure 4.13. In the right panel, for the data case, two enhapoés are visible: the
upper region towards the diagonal hints on massive pastigi@sidentified pions.
Here the pions are coming from hadronic decays ofittfe — # 7 7% n —
7t7~v) and from prompt pion production, mainly from tpd — *Her* 7~ 7.
The low enhanced region is the signal of the degay eTe™ .

The influence of the cuts on the missing masgHé is shown in figure 4.14.
The black curve represents the distribution after all cats ia compared to the
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Figure 4.13The correlation of the invariant massespof+ e¢*e~~ on the X —axis and
of the lepton pairte™ on theY —axis. Left Monte Carlo simulation, rightdata. Both
correlation plots are after event selection for the decay e e~ and after a preliminary
cut on the missing mass of the decay prodects  in the range (2.6-2.9)eV/c?. The
events below the red horizontal line are accepted.

Monte Carlo simulation of thegy — e*e~~ decay after the same cuts, drawn
in red. From this comparison the significant content of tlgmal of then —
ete~~ decay in data is visible. Concluding that, four orders of nitagie were
suppressed in data by the designed cuts, all together thdead to reasonable

signal-to-background ratio, simulation and data can bepawed at this stage of
the analysis.

Comparison of Simulation and Data

All Monte Carlo channels were normalized to data accordirthedormula:

N * BR; * N, 4.2)
where M C; is the given Monte Carlo channé\l;,,, is the number of simu-
lated eventsB R, is the cross section or branching ratio for this channelsnd
the total number of producegs in the experiment.
In figure 4.15 the comparison of simulation and data is shémviine left panel
the missing mass ofHe after event selection and the cuts on the invariant mass
of the lepton pair and on the missing mass of the decay predschown. In
the right panel the invariant mass efe~~ after the mentioned cuts is plotted
and, in an addition, the cut on the missing massté is applied in order to
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He?® selection
7 + Pos=1 & Neg=1
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+ MMeeg (2.6-2.9) GeV/c?
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Figure 4.14:The missing mass ofHe developing in data with the cuts for tagging the
n — eTe v decay: the browfilled area corresponds to the events after’tde selection,
the yellowcurve is after selecting exactly one positively and one negatively ctidraek

in the central detector, the pirdurve is after photon selection, the grearve is after
an additional cut on the opening angle between the real and the virtutdrphothe
center of mass of the entire system. The events survived after the cg origsing mass
of the decay products in the range (2.6-28)///c? are shown by the blukne and after
requiring the invariant mass of the lepton pair to be smaller tha'eV/c? are shown by
the blackcurve. Each cut is an enhancement of the previous one. The reslrepmesents
the Monte Carlo simulation of the — eTe~~ decay under the same cuts as the black
curve in data.




4.6. ANALYSIS CHAIN

Channel Cross sectionyb
pd — Helnta—m 0.5
pd — Hedntn 6.8
pd — He?nO7Y 1.8
pd — He?nO7n7Y 0.05

75

Table 4.5Extracted cross sections of the prompt pion channels according to thegnissin
mass offHe in the figure 4.15.

suppress nom-events. Here, the missing mass’bfe was used to normalize the
simulation to the data and for extraction of the parametéescross sections of
the channels with prompt pions and the total number ofjtseV,. The extracted
values are shown in table 4.5. They are in reasonable agreemith the cross
sections at slightly different beam energies. The total bemof then mesons
was extracted a8.6 x 10°. This number is lower than that one extracted with
the Forward Detector in 4.4, it wd$).7 x 10°. The difference in total number of
n—mesons is explained by involvement the Central Detectadrjttraduces some
efficiency reconstruction for the decay products and, thesethe total number of
n— mesons has to be similar or lower than the extracted withoinedrd Detector.
As it can be seen the invariant masses in both Monte Carlo atadpgak at)
mass and have the same width. The shape in the peak regiaghigystlifferent,
which can be explained by unknown differential distribngof the prompt pion
channels.

In figure[4.16 the invariant mass of the lepton pair is showrer€ are two
regions: low masses correspond to the signal decay andealphbton decay of
the n and the region of higher masses is due to misidentified pibhs.signal
region is at the correct position, but high mass region diffe shape for Monte
Carlo sum and data. It can be explained by a predominance ofgtrpions and
by hadronic) decays, which are not fully suppressed due to the absencetafip
identification cuts. All presented distributions show ag@ahagreement between
Monte Carlo and data.

Prompt pions subtraction

The missing mass dHe can be effectively used for the separation decays
from non+ events. Prompt pions result in a wide, smoothly populatgobreand
can be easily fitted by a polynomial function and then sulbdcThe missing
mass of'He after the final cuts for the decay— e*e~ v is shown in figure 4.15.
There is a well pronounced peak frapdecays sitting on a smooth background
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Figure 4.15:Left: 3He missing mass after event selection for the degay ete™ 7,
with cut on the invariant mass of the lepton paiv/...- < 0.1GeV/c? and a cut on
the missing mass of the decay products~~ in the rangg(2.6 — 2.9)GeV/c2. Right
the invariant mass distribution of the" e~ is shown after the mentioned cuts and, in
addition, a cut on the missing mass®fe in the rang€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
n — ete~+, the cut on the missing mass of the decay products in the rgnge- 2.9)
GeV/c?, the missing mass dHe in the rangé0.539 — 0.555)GeV/c?
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Figure 4.17:Subtraction of the prompt Figure 4.18:Normalization of the simu-
pions in data using the missing mass Ofiateds; decays to the content in data with
3He. The solid black line is the missing the number of producegts N, taken as a
mass ofe™e” from the left panel of fig- free parameter. The data points correspond
ure'4.15, the red curve represents a polyg the missing mass ofHe after prompt
nomial fit (second order) in the region out-pions subtraction (blue curve in the figure
side then signal and the solid blue line 4.17). All n channels have identical shape

is the result after the subtraction of thegng are normalized to the data according to
polynomial background. The vertical black the pranching ratios.

lines represent thesignal region, {.530—
0.565GeV/c?). The points with error bars
were considered for the background fit.

caused by prompt pions. The enhancement between 0.3#0/4c? is due to the
prompt channepd — 3Hent7~, where the effect of the hadronic splitoffs was
observed, for details see [41].

The result of the background fit e missing mass is shown in the figure
4.17. The fit range was chosen in the intet¥al — 0.6GeV//c* and the points in
then signal region were excluded from the fit. The blue curve regmés théHe
missing mass after subtraction of the polynomial backgdodihis is the content
of then decays in data. In figure 4.18 the normalization ofjrdecays in Monte
Carlo to then content in the data is shown. The total number of produgsaV,,
was taken as a fit parameter and the extracted value %s18°3

In addition, an alternative method was used to subtract pt@mons by fitting
the missing mass dHe with an other function, defined as the sum of a polynomial
and a Lorentzian function, see the figures 4.19/and 4.20 dfidiire 4.19 they
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Figure 4.19Subtraction of the prompt pi- Figure 4.20:Normalization of the simu-
ons in data using the missing mass’be.  |ateds decays to the content in data with
The solid black line is the missing massthe number of producegs N, taken as a
of e*e”y from the left panel of the fig- free parameter. The data points correspond
ure(4.15, the thick dotted curve representsg the missing mass ofHe after prompt

a function which is the sum of a second or-pions subtraction (blue curve in the figure
der polynomial and a Lorentzian function,7.19). All 5; channels have identical shape

the solid blue line is the result after the and are normalized to the data according to
subtraction of the polynomial background.the branching ratios.

The vertical black lines represent theig-
nal region, (.530 — 0.565GeV/c?). The
points with error bars were considered for
background fit.
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signal region is described by a Lorentzian and the backgrasirescribed by
a polynomial of second order, the total function reprodiubesmissing mass of
*He spectrum before prompt pion subtraction. Here, the etetdanumber ofV,,
is 9.8x10°. The average among two measurements\pequals td).6 x 10°.

The number of single Dalitz - decay event candidates in teedase i94200+
170, in the second case 1528@70 events, where 170 corresponds to the statis-
tical error. It was defined a§/ N, pcar, Where N, peqi is given by the integral of
the missing mass distribution before prompt pions sulitradh the range of the
n signal(0.535 — 0.560) GeV/c?.

The derived number of the mesonsV, has a systematic error due to prompt
pions, this error can be taken as the difference between tesepted measure-
ments a$.5 x 10°, which corresponds to % systematic error by prompt pions.

4.6.3 Event Selection for the Decay — ete ete

Lepton Pair Identification

After the tracks were selected in the Central Detector, the oats for the
decayn — ete ete™ are based on the final state of the decay: two electron-
positron pairs which have to be identified. From the measantraf the single
Dalitz decay of the; and the double Dalitz decay af it is known that the
invariant mass of lepton pairs coming from the virtual pmoto will be small.

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

1
Nzéxkpxknx(kp—l)x(kn—l) (4.3)

wherekp and kn is the number of positively and negatively charged tracés, r
spectively.

Let us consider an event of clagswith kp = 2 andkn = 2 and mark the
vectors of the first positively charged trackjgsand the second as, two nega-
tively charged tracks a§ ande;. The typical event is depicted in the figure 4.21.
In this case the formula 4.3 givéé = 2, that means there are two possibilities to
form the final state of the decay with two lepton pairs:

e case 1L, = pi+é and Ly = py+é;

S .y
e case 2.L; = py+é; andLy, = pi+é;
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whereL; denotes the vector of lepton pair.

The lepton pairs in both cases are different whiles/jfeandidate is only one.
The electron and positron from the same virtual photon narst the lepton pair
with the smallest invariant mass. This was used to idertiélépton pairs in this
study. Thus, the sum of invariant masses of both lepton pasgo be minimized:
Min(Li+ Lo, L)+ L), whereL, Lo, L, and L), are the invariant masses of lepton
pairs.

In another class of the everisthe number of positively or negatively charged
tracks is more than twdip > 2 andkn > 2, kp > 2 andkn > 2. For example the
event hasp = 3 andkn = 2, where one of the positively charged tracks is due
to event overlap (as discussed in 4.5.1), and coming fromtlzer @vent. In this
event four tracks have to be identified as coming from the oDlalitz of then
and the fifth track has to be ignored and not considered ftrducalculations. Let
us mark the tracks as, p3, p3 (positively charged tracks) and, e; (negatively
charged tracks). In this case the formula 4.3 gides- 6, i.e. six possibilities to
form the final state of double Dalitz decay:

e case 1L, = pij+é; and Ly = py+é;

— / =/
e case 2:.L, = pi+e; andLy, = p3+e;

case 3.L; = pitésandLy, = prte;

=& L =< - -
case 4L, = pi+ésandLy = pyteé;

-0 -0 L
e case 5L, = pot+e; andL, = pi3t+é;
e case 6L, = pyt+ezandl, = pite;

Here, the same method for identifying the correct two paias wsed: those
two pairs which give the lowest sum of their invariant masaese selected:

: ~& ok 20 20 20 S0 A —a
MZTZ(L1+L2,L/1+L/2,L1 +L2 ,Ll +L2 ,Ll —|—L2 ,L1 +L2 )

Topological Cuts

After the selection of the two lepton pairs one can applyherrcuts based on
their topology: there are several topological featurebismdecay. In the left panel
of the figure 4.22 the correlation of the invariant mass aredapening angle of
each lepton pair is plotted. As it can be seen most of eventsdraall opening an-
glesQ2.. and low invariant massds\/... Events with the opening angle,. < 40°
and invariant massM,. < 0.1 GeV/c2 were accepted. In the right panel of figure
4.22 the opening angle,, ., between the selected lepton pairs is shown (see the
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Figure 4.21:Typical event candidate of the decay— eTe~eTe™ from Monte Carlo
simulation (XY —plane). The lepton tracks are the blue curygse; are the positron and
electron from the first lepton paipy, e are the positron and electron from the second
lepton pair, the vectors of lepton pairs are marked as black arrows, gite lzetween the
lepton pairs is marked in red. The topology of the lepton pairs shows the spealiny
angle between positrg#i (p2) and electrorei (é3) from the same virtual photon.

angle marked red in the figure 4/21). The events between weudrticals in the
right panel of figure 4.22 were acceptdd;, ;o = (85° — 175°). Thus, the set of
cuts:

o (.. < 40°
o /M., <0.1GeV/c2
® (I)LLLQ = (850 — 1750)

will be called topological cuts.

The development of the missing mass’eie in data under the discussed cuts
is shown in figure 4.23. Several orders of magnitude are gsspd after the cuts.
The selection of events with at least two positively and twgatively charged
tracks suppresses three orders of magnitude. This can taregbby only a few
final states with four charged tracks. The cut on the invanaass and the opening
angle of the lepton pairs rejects a significant share of tleatswith pions.

The reconstruction efficiency of the decay- eTe~eTe™ according to Monte
Carlo study is around2% after the topological cuts. It implies that less than
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Figure 4.22:Monte Carlo forn — ete~ete™. Left: invariant mass of the*e™ pair
versus the opening angle betweeh ande™, right the opening angle between lepton
pairs in the laboratory frame. The blue linepresent the cut region: in the left events
under the horizontal line and to the left of the vertical line are acceptedeiright the
events between the two lines are accepted. o

108 He3 selection SR
+ kp>=2 & kn>=2 : :

+Lepton Pair: Opening angle<40 °, invariant mass<0.1GeV/c 2 '

+Opening angle between lepton pairs (85 °-175°)% 5T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Missing mass of He *, GeV/c?

Figure 4.23Missing mass ofHe developing under the different cuts in data: each cut is
an enhancement of the previous one. The events Hfterselection are drawn in brown
the redcurve represents the events after selecting at least two positively amegatvely
charged tracks in the central detector, the greamve is after applying the cuts on the
invariant mass and the opening angle of lepton gaig: < 40° andI M, < 0.1 GeV/c2,
blue shows the distribution after the topological cuts.
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Figure 4.24:Missing mass ofHe after the topological cuts. Bladurve is the data,
that corresponds to the blue curve in the figure 4.23,isetle simulation of the decay

n — ete"eTe™ after the same cuts. It was normalized to the data with the branching
ratio BR = 6.9 x 10~ and the total number of thes N,, = 9.6 x 10°.

60 events of the decay — ete ete are expected in the whole data sample,
assuming a branching ratio 69 x 1075,

In the figure 4.24 a comparison of the Monte Carlo simulatiothefsignal
channel and data is shown after the topological cuts. Thaireng background
from then decays is mostly coming from the hadronic decays ofrtheainly
from then — 7= "7~ 7" decay.

The next cut is related to electron-pion separation on teateselection level.
In figurel4.25 the missing mass of the decay produtts ete~ after the topo-
logical cuts is shown. The signal channel with the main bemligd channel
n — w7~ 7" and sum of the prompt pion channels are shown for illustnatio
There are two enhancements in the figure: the lower is ardumaniass of 2.8
GeV/c?, which corresponds to the mass3tfe, and at higher masses, which is
due to misidentified pions. Using the vertical dotted line<at region the chan-
nels with pions can be effectively rejected. The effect af thut on the missing
mass ofHe is demonstrated in figure 4.26. The background fraecays is sup-
pressed by factor of 3, which is due to the rejection of eveote n — 77— 7.
The cut finally leads to a signal to background ratid : 1.

The reconstruction efficiency far — eTe~ee™ under the discussed cuts is
shown in table 4.6.
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Figure 4.25:Missing mass of the decay produetse—ete™ after the topological cuts
and the cut on the missing mass’éfe in the rang€0.535 — 0.560) GeV/c?. The cross
sections for prompt channels were taken from the missing mas$seoin the figure 4.27.
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Figure 4.26:Missing mass ofHe. The black dotted curve is data after the topological
cuts: the cut on the invariant mass and the opening angle of both lepton jplirs <
0.1GeV/c?, Q.. < 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 produtis in
range 2.6 - 2.97¢V/c%. The red is the simulation of the decay— ete~ete™ after the
topological cuts and the cut on the missing mass of the decay productsiniliatsn

was normalized to the data with the branching rafi® = 6.9 x 10> and the total
number of the;-s N,, = 9.6 x 10°.
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Cut | Efficiency%
cutl 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 previouCatte.
yields events aftetHe reconstruction in the forward detector, cstects events with at
least two positively and negatively charged tracks in the central deteat8tis based on
the topology of two lepton pairs and includes three conditions: the openglg aflepton
pair is smaller thar(°, the invariant mass of lepton pair is smaller titanGeV/c? and
the opening angle between two lepton pairs has to be in the f8age 175°), cutdyields
events with the missing mass of the decay products in the r@nge- 2.9) GeV/c?.

4.7 Simulation and Data Comparison

The number of simulated events for each Monte Carlo channdifferent
due to the different reconstruction efficiency, see talle Bata and Monte Carlo
simulation are compared under the same set of cuts. EacheMiaro channel
is normalized to the data according to formulal 4.2, with thtalthnumber of the
n-s N, = 9.6 x 10°. In this section for illustrative purpose, the branchintpréor
n — eTe"eTe” was taken a$.9 x 107° and cross sections of the prompt pion
channels are taken as parametéie missing mass distribution was used for the
extraction of the parameters which later are used for otiséniloltions. Thus, the
presented figures contain information about the crossaectf prompt pions
and are not related to the branching ratio calculation.

In figure 4.27 thé He missing mass after the topological cuts is shown for data
and Monte Carlo. The values of the prompt pion cross sectian@eare extracted
and used for the invariant massaofe~ete™, see table 47,

In the *He missing mass distribution the prompt pions are seen asla, wi
smoothly populated region (grey filled area), that will beefaused for their sub-
traction, analogically to the — e* e~ studies. On the invariant mass distribution
of efe~ete™ the prompt pion background results in a peak shifted to tiiédam
n mass due to misidentified pions. In order to suppress theneflmmvith pions
the distribution of the missing mass of the decay produatsesl, shown in figure
4.25. The missing mass difle and the invariant mass efe~ ¢ e~ after applying
the cut forM M+, .+.- inthe rangg2.6 —2.9) GeV/c? are shown in figure 4.28.
As it can be seen from the invariant mass6é~e*e~ the prompt pions are sup-
pressed by 350, then — =" 77 is suppressed nearly by 80and the signal to
background ratio is improved by factor of two.
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Channel Cross Sectiornyb, Fig. 4.27| Cross Sectioryb, Fig. 4.28
pd — He3ntn— ! 0.2 0.7
pd — HednTm™ 3.5 2.4
pd — He3n07Y 3.8 2.1
pd — He?n770 0.03 0.03

Table 4.7: Extracted cross sections of the prompt pion oblaraccording to the
missing mass ofHe in figures 4.2i7 and 4.28.

The extracted cross sections are in a reasonable agreertlexpectations
and previously extracted values for the single Dalitz deafahe, see table 4.5.

The agreement between data and simulations is demonstoatgifferent cut
combinations in figures 4.27 and 4.28. The missing massiefdistribution af-
ter the topological cuts shows a slight discrepancy injtheass region and good
agreement for the prompt pion background. The discrepaacype explained by
a high admixture of prompt pions. On the invariant massibigtion in figure 4.27
then signal region in data is reproduced by Monte Carlo, while lomass region
is not. This is due to the cut on the missing masdHté in then signal region for
the invariant mass distribution. Rather good agreementdsziwlata and simula-
tion is seen in figure 4.28 after applying the cut on the mgssiass of the decay
products. The missing mass ‘e is perfectly described in the peak region, but
certain discrepancy appears in adjoining region. Goodesgeat 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
ete~eTe after the same cuts and the cut
on the missing mass dHe 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 rangé2.6 —
2.9)GeV/c?, lower panel: the invariant
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Chapter 5

Results

5.1 Method

The calculation of the branching ratio for the deeay- e*e~ete™ is based
on the3He missing mass, because on this distribution the signai fyalecays
can be separated from the background channels with proraps pirhis step is
necessary since the cross sections of prompt pions are actiyeknown. Their
values extracted as the fit parameters are not reliable #iecentire analysis is
designed in the way to suppress them.

The*He missing mass is considered under the topological cutshenclt on
the missing mass of the decay products. Under this set obgueement between
data and simulations has been demonstrated in sectionmtfiisl chapter the
branching ratio is taken as a parameter in the normalizatiocedure of the sum
in Monte Carlo and; content in data. ThéHe missing mass from the different
decays are identical. Each channel was normalized to datading to formula
4.2. The total number ofi-s N, is taken from the study of the normalization
process asV,, = (9.6 £ 0.5) x 10°%, extracted in 4.6.2.

The BR(n — ete~ete™) is given by formula:

+o— 4+ N Nn~>6+e_e+e_
BR(7]—>eeee)——Nn*6 (5.1)
whereN, = 9.6 x 10° corresponds to the total numberpk produced in the
experimentg is the reconstruction efficiency for the— ete~ete™ decay given
by e = N—m N,.. IS a number of reconstructed events awg,, is a number of

NS’L
generated events. The number of event candidatesferc™ ¢~ ete™ is given by:

Nn—>e+e*e+e* — {VnData — NnBackgTound (52)

whereN, p.i. is the integral of théHe missing mass in data after prompt pion

89
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Figure 5.1:Left panel missing massHe after the topological cuts and the cut on the
missing mass of decay products in the ran@é4 — 2.96 GeV/c?), drawn in black, is
fitted by a polynomial of second order, drawn in red. The blue points witr bars is the
missing mass ofHe after the subtraction of the polynomial background, the error bars
correspond to the statistical errors before polynomial subtraction. THuo& lerror bars
show the points considered for the fit, as can be seen gignal region was excluded.
Right panel:comparison ofy content in data with Monte Carlo sum gfchannels, the
branching ratio for theg — ete~e™e™ is taken as a parameter.

F|gure (BR :i: Erstat) X 10_5 Ncand Il: Erstat NnData Il: E?“stat
Fig.5.1, middle| 2.94+1.1 29.7410.8 82.0+10.8

Table 5.1:Example for the branching ratio calculations. The missing massiefafter

the topological cuts and the cut on the missing mass of the decay productsrangjee
(2.64 — 2.96 GeV/c?) was used. The prompt pion background was fitted by the second
order polynomial Negng = Ny_ete—ete— IS @ NUMber ofy — eTe"eTe™ event candi-
dates.

subtraction in the rang@535 — 0.560 GeV/c?, N, packground iS the integral of the
3He missing mass distribution in Monte Carlo without the- eTe~e*e~ decay
and can be found by:

NnBackground = NnData - Nn—>e+e*e+e* (53)

Thus, the task for the branching ratio determination is teasnrement of the
number ofp—mesons in the final event sampg pq-

An example of the fitting the prompt pion background is préseéim the left
panel of the figure 5/1. The missing massldé is taken under the topological cuts
(black curve) and the cut on the missing mass of the decayptedh the range
(2.64 —2.96 GeV/c?). The polynomial of the second order is used for background
fit in the rangg0.5 — 0.6) GeV/c?, then signal region was excluded from the fit.
The blue points with error bars represent the remainigntent in data. In the
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right panel of the figure 5.1 the Monte-Carlo cocktail frgrdecays is normalized
to then content in data.

The extracted branching ratio with the statistical err@rissented in the table
5.1. In this table and other tables of the chap¥gy,,; = N, _.c+c-c+.- IS @number
of event candidates of double Dalitz decay,of he statistical errotr,; for the
branching ratio, number of event candidates and numbegsafesons is defined
by the number of events dile missing masbefore the prompt pion subtraction
in then signal region:(0.535 — 0.560) GeV/c?. Thus, the table contains all nec-
essary information: in the first column the pointer to theaiarfigure is listed,
in the second column the branching ratio with its stati$#ceor is presented, in
the third column number of event candidates forhe> e*e ete™ decay with
statistical error, the last column contains the number@fjthmesons in data after
prompt pion subtraction.

According to the table the number of events due to the prongpispgoroduc-
tion can be obtained a10.8)* — 82.0 = 116.6 — 82.0 = 34.6 and number of
background events is given by formula 58, 5qckgrouna = 82.0 — 29.7 = 52.3.

5.2 Consistency Checks

In order to prove the result for the branching ratio the asialynethod has
to be checked for stability bgonsistency check&onsistency checks show the
invariance of the branching ratio under variation of cutdifierent fit technique,
rebining of histograms. Information about treatment oftsystic errors can be
found in [63] and [64]. Consistency checks have to be done fertain set of
cuts, where agreement between simulations and data istexip@s it was shown,
(figure(4.28) the topological cuts and the cut on the missimgsrof the decay
products provide such agreement.

Schematically the data samples after certain set of cutsteen in figure
5.2. Part of entire data sample by red filled area correspmrglshset of data after
the set of cuts where agreement between simulations andhasitaeen observed.
Consistency checks will move inside the red filled area (fanegle blue filled)
and will lead to other subsets of data where the branching shbuld not change
significantly. If it does, then it points out to the systeroadifect 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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Figure 5.2:Schematic view of subsets of entire data sample: daskabcorresponds

to entire data sample aftéHe selection, browfilled area corresponds to subset of data
after the topological cuts, rddled area is after the cut on the missing mass of the decay
products and bluéilled 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 mas$Htd is meant:
the background fit can be presented by different functionschiganging cuts dif-
ferent cut regions have to be considered. The branchingisatialculated at each
change in the analysis chain and eventually all results angpared. The total
effect of each check is defined as a maximum deviation amoegsepted mea-
surements and the average: variatiam. In such case the variation is the most
informative and safe.

The variation of cut has certain constraints, in some caseslimited by
the resolution of observable and allows to expand the cut withing4o rule.
Other constraint is due to the limitation of the analysis hodtitself: the cuts
are supposed to describe certain preselected data sampletithe entire one.
Therefore if the result behaves stable under certain clsafggde certain range)
and, suddenly, drops down or rise up, it might hint to thetlifor this condition
or cut. In order to judge about the contribution to the sysiiererror of cut the
thresholdo  is used given by the formula:

on =/03 — o} (5.4)

whereo; ando, are statistical errors for different measurements of thadin-
ing ratio. By comparing o and maximum deviationar first conclusion about the
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Figure1 row (BR + Erstat) X 1075 Ncandidates + Erstat NnData

Fig/5.3, uppen 3.5+1.1 36.0+10.8 87.7£10.8
Figl5.1 2.9+1.1 29.7+£10.8 82.0+10.8
Figi5.3, lower| 3.7+1.0 37.9£10.3 86.1+10.3

| Result:[ BR=(3.4 £ 1.1°"" £ 0.5"") x 10" |

Table 5.2Measurements for the branching ratio calculations. The missing masie o
taken after the topological cuts and the cut of the decay products in the2ad — 2.96
GeV/c%. 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 backgroundhenranching
ratio, the missing mass dHe is fitted by different functions and the branching
ratio ofn — e*e~eTe is calculated for each case.

Three different ways of fitting the prompt pions fit are coesétl, see figure
5.3. In the first case, the background is fitted simply by a érder polynomial
in the range outside of the signal, see the top graph to the left. In the second
case the’He missing mass is fitted by a second order polynomial whichulsh
describe the background shape more precisely than jusaigldtiine, see the
middle row. Finally the distribution is fitted by a combineanttion which is
the sum of background and signal. In this case the backgruddscribed by
the second order polynomial andsignal is described by a Lorentzian. All three
methods are reasonable and should provide reasonabl&sresul

The results for the branching ratio are presented in taBleThe average value
for the branching ratio i8.3 x 10~° with the statistical error equals x107°.
The variation of the result equalst x 10~°. Thus, the branching ratio i8R =
(3.4 & 1.1ga & 0.504) x 107,

5.2.2 Variation of cuts

Missing Mass of the Decay Products

The cut on the missing mass of the decay prodiétd,+.-.+.- IS one of the
cuts which suppresses pions, see figure|4.25. The cut regitafined by the reso-
lution of this observable. According to Monte Carlo theV/,+ .- .+.- distribution
has a width ofr = 60 Mev/c? and the corresponding range for the cut withing
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Figure 5.3;Left: missing massHe after the topological cuts and the cut on the missing
mass of the decay produds4 — 2.96 GeV/c?, drawn in black, is fitted by two different
functions: the polynomial of the first order on the upper left pamel combined function

is on the lower left paneRight: comparison of the correspondingcontent in data with
Monte Carlo sum of) channels.
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Figure 5.4:Missing mass of the decay produdh/, .- .+.- for the Monte Carlo sim-
ulation of then — eTe~eTe. The distribution has a width ef ~ 60 MeV/c2.

+30 rule is around(2.62 — 2.98) GeV/c?, see figure 5.4. The maximum valid
range for cut variation is defined hiyo for the borders(2.56 — 3.04) GeV/c?.

The effect of changing the cut regions on the branching fatgihown in the
table[ 5.3. A polynomial of second order was used for promph @ubtraction.
During these measurements the very narrow regd68(— 2.92 GeV//c?) was
tested, which implies the most significant rejection of égeand poor statistics
on the distribution. In order to present the fit of such a distion properly the
histogram bining was decreased, see figure 5.3. Also thestvidd region was
tested. It implies more events on the distribution and gpoeds to the situation
with the highest admixture of prompt pions, see figure 5\welarow. In the right
panel of this figure a slight discrepancy between Monte Cantbdata is observed
in then signal region. This can be explained by high admixture ofrgrbpions
on3*He missing mass, that makes their subtraction less accurate

Slight fluctuations of the statistical error are observadthie order ofl0%.
It can be ignored assuming the fact of a different distrdouhape after the cut
variation.

The average value for the branching ratio eq@als 103, the maximum vari-
ation between the average and measured values is10~°. Thus, the branching
ratio equalsBR = (2.7 £+ 114, & 0.444,.) x 1075,

Invariant Masses of Lepton Pairs

The cut on the invariant mass of the lepton pairs is anothiefocypion sup-
pression during event selection. The variation of this sydresented in the table
5.4. The cut on the missing mass of the decay products wan takibe range
2.64 — 2.96 GeV/c?. With stricter cut the distribution becomes more flat which
makes background fit easier. Average resBIR = (3.141.144s. £0.5,4.) X 1072,
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Figure 5.51 eft: missing mass ofHe after the topological cuts and the cut on the missing
mass of the decay products drawn in blgsKitted by the second order polynomial.in red.
Top: 2.68 —2.92 GeV/c?, lower:2.56 — 3.04 GeV/c2. Right:comparison of the content

in data with Monte Carlo sum of channels.

RangeGeV/c?, Fig., row BR + Erggy Neand = Erstat | NyData
(2.64-2.96), Fig.5.1 2.9+ 1.1)x10° | 20.7=10.8 | 82.0+ 10.8
(2.68-2.92), Fi(.5.5, upper(2.5+ 1.0)x 10~ ° | 23.2=9.4 | 58.0+ 9.4
(2.56-3.04), Fig.5.5, lowef (2.7+ 1.2)x10 ° | 29.8+ 13.5 | 118.9+ 13.5
(2.6-2.9), Fig.5.6, upper | (2.5+ 1.0)x10 ° | 23.2+ 9.7 | 58.4+ 9.7
(2.62-2.96), Fig.5.6, lowef (3.1+ 1L.1)x10° | 321+ 11.1 | 84.0+ 11.1

Result:| BR=(2.7 + 1.1%% 4 (.4v%") x 10~°
( )

Table 5.3:Measurements for the branching ratio calculations with different cuts on the
missing mass of the decay— eTe~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:60 —2.90 GeV/c?, lower: 2.62 —
2.96 GeV/c.

RangelM,+,-, GeV/c? (BR % Erstar) X 107° | Neana £ Evstat | NpData
(0—0.1), Figi5.1 29+1.1 29.7+10.8 [82.0+10.8
(0 —0.12), Figl5.7,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+ 1.0 221+ 8.5 55.2+ 8.5
(0 —0.04), Figl5.8, lower| 3.6+ 1.1 229+7.3 440+ 7.3
Result:| BR(3.0 & 1.1, & 0.444,.) x 107° |

Table 5.4:Results for the branching ratio calculations with different cut on the invaria
mass of the lepton pairs. Polynomial of a second order was used for ppionpsubtrac-
tion.
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Figure 5.7: Missing mass dHe after changed topological cuts and the cut on
the missing mass of the decay produzst — 2.96 GeV/c?. The cut on the in-
variant mass of the lepton pairs was tested: fojg;+.- < 0.12 GeV/c?, lower:
IM i < 0.08 GeV/c2,
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Figure 5.8:Missing mass ofHe after the topological cuts and the cut on the missing
mass of the decay produ@s4 — 2.96 GeV//c? and the cut on the invariant mass of the
lepton pairs, top:I M,+,- < 0.06 GeV/c?, lower: IM, .- < 0.04 GeV/c?.
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Prompt pion subtraction Data and Monte Carlo
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Figure 5.9: Missing mass dHe after the topological cuts and the cut on the
missing mass of the decay produ2i$4 —2.96 GeV//c* and the cut on the opening
angles of the lepton pairs, toft,+.- < 20°, lower: Qq+.- < 60°.

Opening Angles of Lepton Pairs

The effect of varying the opening angle cut of the leptongair the missing
mass ofHe is presented in figures 5.9 and 5.10. The results for thechiag ratio
are in the table 5.5. Average resultR, . .+.—c+e- = (2.6 & 1.14 & 0.944,.) X
10°. The variation by this cut is the largest among other cutmight hint to
a problem with opening angle of the lepton pair. From the ottend, if one
ignores the result by looser cu® (< 80°), then average branching ratio equals
BR = (2.94 1144 £ 0.5,4,.) x 1075. The grounds for this ignoring comes from
the fact thag0° for the opening angle of the leptons pairs is too large anchoan
be controlled in this range. The results are shown in theetald.
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Prompt pion subtraction Data and Monte Carlo
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Figure 5.10: Missing mass dHe after the topological cuts and the cut on the
missing mass of the decay produ2#$4 —2.96 GeV//c? and the cut on the opening
angles of the lepton pair&,.+.- < 80°.

Range, Fig., row (BR + Ersat) X 107° | Negna £ Erstat | NpData
(0° —20°), Figi5.9, uppen 3.4+ 1.1 240+ 7.7 457+ 7.7
(0° — 40°), Figl5.1 20+1.1 20.7+10.8 | 82.0+ 10.8
(0° — 60°), Figi5.9, lower| 2.4+ 1.0 26,9+ 11.6 95.6+ 11.6
(0° — 80°), Figi5.10 1.7£1.1 18.8+11.8 97.7+11.8
Result: BR=(2.6 + 1.1°@ £ 0.0°") x 10 7

Result (ignore last)} BR=(2.9 & 1.1%% + (0.5v%") x 10~°

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 usgudopt pion
subtraction.
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Type ofevents | (BR =+ Ergat) X 107 | Neand &= Evstat | NyData

Figl5.11, top | 3.7+ 1.0 37.9+ 103 | 82.9+ 103
Fig/5.11, lower| 2.4+ 0.9 243+ 93 |67.6+9.3

| Result:| BR=(3.1 £1.0°" £ 0.7""") x 10" |

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 exaabiyegatively
charged tracks(figure 5.1, lower).

5.3 Systematic Effect by Event Overlap

Event overlap in data (discussed in 4.5.1) was studied athensource of
systematic effect.

Effect of event overlap can add an additional track or evearsg¢tracks to the
final state of the decay. This extra track can pass througbutseand substitute a
good track. The effect is not included in simulations andefae influences only
the data. In order to evaluate this effect on the branchitig tiae events only with
exactly two positively and exactly two negatively chargexatks were considered.
Obtained result was compared with multi-track events.

The effect is shown in figure 5.11: top row shows distribusibased on multi-
track events and lower row corresponds to events with exaet positively and
exactly two negatively charged tracks. The plot on top hanlshown already
with fitting the prompt pion background in slightly more maxrrange. Here the
fitting range was extended.¢7 —0.59GeV/c?) in order to be as much as possible
to the range on the plot below, where it was necessary to éxtenrange for a
good fit.

Immediate effect in statistics of the histograms is visilie lower plot con-
tains 20% less events than upper one due to consideration of exactewafb
tracks. Number of signal event candidates drops down, ¢satts in lower branch-
ing ratio. At the same time the statistical error remainsosiithe same, that hints
to systematic error. The maximum deviatio)ig x 10~° for the branching ratio,
see table 5.6.

Results for the branching ratio

Thus, four results for the branching ratio were obtainedsamidmarized in the
table 5.7. The last column contains the threshold for pggbia checkr A, which
was obtained according to the formula 5.4. In traditionay whanalysis the re-
sults can be averaged for the final number and variationseanitnmed up under
the root squared and signed to the systematic error. Comgidreshold for each
variation the conclusion would be different: the consisjetheck passes(does not
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Figure 5.11: Missing mass dHe after the topological cuts and the cut on the
missing mass of the decay produeté4 — 2.96, top: multi-track events were
considered (as all other pictures), lowewents with exactly two positively and
exactly two negatively charged tracks were considered.
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| Source of variation | (BR % Ergq £ var) x 10=° | Thresholdga x 10~° |
Missing mass ofeTe ete™) | 27+ 1.1+ 0.4 0.7
Invariant masses dk*e™) 3.0+1.1+04 0.5
Opening angles ofete™) 26+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 variationsr and thresholds for variation
OA-

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

The branching ratio for the — e*e~e™e™ decay was calculated based on the
missing mass ofHe as(2.941.144)) x 10~°. The result agrees with expectations
from quantum electrodynamics within the statistical ervanich is~ 38%. The
achieved maximum admixture of — ete ee™ decay candidates is 50.6%,
which corresponds to a signal to background ratid : 1. The single Dalitz decay
n — ete” v shows a similar signal to background ratio with similar ikbey of
the analysis chain. In both cases the ratio can be improvedjyyressing the main
background due to photon conversion. The other significackdpround originates
from the hadronic mode — 77— 7% (5 % in the optimum case) which can be
suppressed by involving particle identification in futurelyses.

The remarkable point is that the branching ratio shows lgtabor different
fractions ofn—decays. See for example variations of thes eTe~eTe™ admix-
ture from 20.3 % to 43.0 %, while at the same timehe 77~ 7% admixture is
suppressed from 38.7 % to 9.8 %, in figurel 5.5. This confirmsthlkeility of the
analysis chain.

The calculated variations of the branching ratio passedhiesholdo for
two checks: changing the missing mass of the decay produadtshe invariant
masses of the lepton pairs. Two other checks showed thetivgasaabove the
threshold: the opening angles of the lepton pairs and tleethfy event overlap.

Consistency checks have to be done for other possible untertaof the
branching ratio. Among them three are of special importatingetotal number of
n—mesons produced in experiment, the hypothetical spasalugon for charged
track reconstruction in the central detector and the ewasrlap in data. The num-
ber of )—mesons was calculated based on a sample 8000 decay events of
n—single Dalitz decays, where the events with exactly onetipei and exactly
one negatively charged track were considered. At this steganalysis ideology
differs for single and double Dalitz decays:pfin the last case multi-track events
were considered.

105
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Twice moren—mesons (2 107) have been produced in the same reaction and
similar conditions as discussed in the thepis {-* Hen at 1GeV) during a pro-
duction run in September 2009. Furthermore, a statisyicatire abundant sample
of n mesons is expected from the reactign— ppn at 1.4GeV beam energy (dis-
cussed in 4), taken during a production run in November 28@8ough here the
background is very different comparejid — 3He at 1GeV.

Studies of other rare decaysmflike n — ete™, n — wlete ™, n — eTe
are currently going on in WASA-at-COSY collaboration. Théwsld be coordi-
nated between each other and be complementary, since &léof have lepton
pair(s) in the final state.
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Appendix

A. Time diagram of tracks aof double Dalitz event candidates in data.
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Figure 7.1:Time diagram of tracks af double Dalitz event candidates in data: time dif-
ference between each lepton candidate &dd track in the Forward Detector on the
Y —axis time of the3He track on theX —axis. The events after the topological cuts
(UMt < 0.1GeV/c?, Quto- < 40°, @1, 1, = (85° — 175°)), the cut on the missing
mass of the decay products in the range (2.62 - 288)/c?) and the cut on the missing
mass of'He is in the range (0.535 - 0.56@1//c?). By yellow circle a good example of
event is marked: all four tracks in the central detector has the same time withibio

(5 ns). By red ellipse an example of critical event is marked: four tracks in tinérale
detector have wide time interval relatively to the time’bile track. As can be seen most
of the tracks are very close in time.
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B. Particle identification in calorimeter for—single Dalitz in data.
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Figure 7.2: Experimental data: energy deposit in calorimeter versus particle
momentunmxcharge provided by the mini drift chamber. Black diagonals represent lin
ear correlation between energy and momentum, which is the signature obegeatrd
positrons. Upper panedfter track selection fop — e*e~~ decay, lower panehfter the

cut on the missing mass ef e~y (2.65 - 2.95)GeV/c?, invariant mass of lepton pair <
0.1GeV/c? and the missing mass dHe (0.535 - 0.5608cV/c2.
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C. Particle identification in calorimeter far—double Dalitz in data.
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Figure 7.3: Experimental data: energy deposit in calorimeter versus particle
momentunxcharge provided by the mini drift chamber. Black diagonals represent lin
ear correlation between energy and momentum, which is the signature obeteatnd
positrons. Upper panedfter track selection fo — eTe~ete™ decay, lower panehfter

the cut on the missing mass efe~ete™ (2.62 - 2.98)GeV/c?, invariant masses of the
lepton pairs < 0.1GeV/c?, opening angles of the lepton paiis< 40° and the missing
mass ofHe (0.535 - 0.560)7eV/c?.
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CHAPTER 7. APPENDIX

D. Individual missing mass ofHe distributions for Monte Carlg—decays

in comparison with data.
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Figure 7.4:Individual missing mass ofHe for eachny Monte Carlo channel after the
topological cuts invariant masses of lepton pairs <@dl//c?, opening angles of the
lepton pairs2 < 40°, opening angle between the lepton pairg, ;. 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/c?) . Each Monte Carlo distribution is normalized to the data according to

Missina mass He °. Gevic’

formulal4.2, the number of—s produced in experiment is taken as»916°. The error

bars correspond to the absolute statistical errors defined by numbienwdéted events

(before the normalization).
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